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SUMMARY 
In this work, the effects of zero shear viscosity of reac-
tion medium on the kinetics of free·-radical polymerization of some 
vinyl monomers were investigated. Hitherto the effect of polymer 
formation on the kinetics of polymerization were not understood 
clearly. This poses problems in the design of polymer reactors 
where conversions may be high. In this investigation, increases 
in the viscosity of the reaction medium were achieved by adding 
preformed polymers of known molecular weights into monomers. 
' Initial rates of polymerization were measured by using a dilate-
metric technique. Preformed polymers of the reactant monomer were 
introduced in some reactions while in others preformed polymer of 
different monomer types were introduced and the newly formed poly-
mers of the solvent monomer were separated and analysed. 
Reactions were carried out with methylmethacrylate monomer 
as solvent for various molecular weights of polymethylmethacrylate, 
polystyrene and polyvinyl acetate, styrene monomer as solvent for 
various molecular weights of polystyrene and polyisobutylene, and 
' 
vinyl acetate monomer as solvent for polyvinyl acetate all at diff-
erent concentrations and measured.viscosities. 
It was found that the_ changes in the termination rate constant 
as the polymerization progressed reflected the changes in the vis-
cosity of the medium. The termination rate constant was related to 
- s 
the viscosity of the reaction medium by the equation kt a ~ where 
s = 0.7 ± 0.15 for methylmethacrylate reactions and s= 0.4 ± 0.1 
for styrene reactions. For vinyl acetate reactions it was found 
iii 
kt -s 
that ~ a ~· where s = 0.25. At high viscosities, it was obser-
P 
ved that the termination rate constant depended on the average 
chain length of the growing radical. The relationship kt a [I]-a 
was obtained where 0.1 < S < 0.3 for methylmethacrylate and.sty-
rene reactions. The contribution to chain ending from primary 
radical termination was assessed. It was observed that the per-
centage contribution went through a maximum as the viscosity 
increased. The gel permeation chromatographs of the recovered 
polymethylmethacrylate showed double peaks for some of the poly-
merizations in the presence of polystyrene but single peaks for 
those reactions in the presence of polyvinyl acetate. The thermo-
dynamic nature of the interactions between the polymer/monomer 
systems were thought to have caused this behaviour. 
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CHAPTER 1 
IiffROOUCTIOi~ 
1 
1.0 INTRODUCTION 
Previous studies of free~radical polymerization have either ignored 
the viscosity effects(l) or have treated the reactor viscosity as a 
. (2 3) 
pseudo-independent variable ' • When high degrees of monomer conversion 
occur, comprehensive calculations for radical polymerization processes 
should take into account the dependence of the values of kinetic 
constants on the viscosity of the medium. Such calculations would be 
useful in re.actor design. A number of semi-empirical equations have 
been proposed in an attempt to relate the solution viscosity to the 
(4-8) kinetics of polymer formation • 
'Ihere has been a separate development of theories concerned with 
the rheology of polymer solutions and the kinetics of polymer formation. 
Theories concerning the relationship between the viscosities of 
concentrated polymer solutions, their molecular weight, temperature 
(9-16) 
and concentration have been proposed • In developing these 
theories, some authors have attributed the enormous increase in the 
viscosity with increasing concentration to the formation of intermolecular 
linkages between polymer molecules. (17) . However, Fujita et al navs 
introduced the concept of free volume to the problem instead of 
directly considering the interchain entanglement effect. 
Many researchers have worked on the kinetics of free-radical 
polymerization, among them Bueche, Melville, Benson and North, 
to mention a few. 
B k ( 18' 19) h h th . h . roo s has s own, owever, at a viscos~ty c ange ~n 
polymerization does not only explain the change in kinetic constants 
but is also important in the understanding of the factors that cause 
2 
this change. If the rheology and kinetics of polymer formation are 
so intertwined, a joint analysis of the kinetic aspects of chemical 
reaction and the rheology of the polymerization fluid must be used 
in reactor design. The present work is concerned with doing this for 
the free-radical polymerization of some vinyl monomers at zero shear 
rate. 
In an isothermal polymerization system, the following change with 
time, 
a) the concentration of polymer 
b) the viscosity of the reaction medium 
c) the molecular weight and molecular weight distribution 
of the polymer. 
Since all these affect the kinetics, by using a procedure devised 
( 19) by Brooks, , (a) and (c) are kept constant and the effect of viscosity 
is studied. Also by performing reactions at constant viscosity but 
using different molecular weight polymers, the effect of concentration 
and molecular weight were investigated. To achieve this, preformed 
polymers of known molecular weights and molecular weight distributions 
were introduced into monomers. At various polymer concentration 
and measured vicosities, the mOnomers were polymerized with varying 
initiator concentrations. The initial rates of polymerization were 
obtained. The kinetics were therefore obtained with increased polymer 
content (that is, increased amount of preformed polymer added) and 
increased viscosity of medium. Preformed polymers of the reactant 
monomer were introduced in some reactions while in others, preformed 
polymer of different monomer types were introduced and the newly 
formed polymer of the solvent monomer was separated after the reaction. 
I 
I 
3 
These were then analysed for molecular weight and molecular weight 
distribution. This study made it possible to relate the termination 
rate constant to solution viscosity and also to assess the importance 
of primary radical termination and the dependence of kinetics on 
the chain length of radicals being produced. 
The results of this work are not only applicable to bulk 
polymerization, but to all polymer reactions where viscosity change 
is marked. In suspension polymerization, as the conversion of monomer 
to polymer continues the monomer globules become more viscous due 
to the presence of the formed polymer. The system corresponds to a 
. (20) 
concentrated solution of polymer in monomer. HohensteLn et al found 
that the polymerization kinetics of suspension processes are similar 
to those of the bulk polymerization of a monomer if polymerization 
conditions are similar. In emulsion polymerization, high viscosities 
inside the latex particles also hinder diffusion of the radicals 
and the zero-shear viscosities studied here can be directly applicable. 
'Ihis work is also applicable to tubular reactors, especially when 
the viscosity of the feed stream has been increased by adding polymer 
to it(2ll .• 
CHAPTER 2 
Ll1ERA1URE SURVEY 
I 
4 
2.1.~ INTRODUCTION 
2.2.0 
The intention of this literature survey is to reveal the present 
state of knowledge concerning the factors that affect the free-radical 
polymerization of vinyl monomers at high conversions~ 
The mechanisms of free-radical polymerizations were discussed with 
a brief description of the various polymerization techniques widely 
used in Industry. 
The ideal kinetic scheme of polymer reaction is presented. 
For reactions at low conversions, this is found to be adequate. 
At high conversions, however, deviations from the ideal state 
are observed. 
A number of possible causes have been advanced to explain these 
observed deviations. These include invalid basic assumptions, importance 
of other reactions usually ignored such as chain transfer reactions 
and primary radical termination processes. The most important cause 
for the observed deviation, however, is the influence of the changes 
in the polymerization environment as the. polymerization progresses. 
The importance of diffusion and viscosity change in understanding 
these deviations were then shown. 
The various treatments of the diffusional effects reported in 
literature were given and the importance of combining the kinetic and 
viscosity changes which has hitherto been considered separated 
was proposed. 
FREE-RADICAL POLYMERIZATION 
Polymerization reactions may be classified acco~ding to the 
mechanism of reaction. This scheme divides most polymerization reactions 
5 
into either chain-reaction.polymerization or step-reaction polymerization. 
In the latter, the molecular formula of the structural unit or units 
of the polymer formed lacks certain atoms present in the monomer from 
which it is formed. Chain-reaction polymerization, however, produces 
polymers with the molecular formula of the structural unit identical 
with that of the monomer from which the polymer is derived. Free-radical 
polymerization of unsaturated vinyl monomers is a familiar example of 
this type of polymerization. 
Radical-chain polymerization consists mainly of four steps -
initiation, propagation, transfer and termination. 
The initiation step consists of two reactions. First, the 
initiator, I, dissociates to yield a pair of reactive primary 
radicals, R • 
I 2R• 
where kd is the rate constant for the initiator dissociation. The 
second part of the ·initiation involves the addition of this radical 
to a monomer molecule to give the chain initiating species m1 · 
R· + m 
ki 
~ m • 1 
where m is the monomer molecule and ki is the rate constant for the 
initiation step. 
(2 .1) 
(2. 2) 
The propagation step consists of the growth of m1• by successive 
addition of large numbers of monomer molecules. 
k 
ml . + m ~ m2 . 
k 
m • +m 
p m • 
2 -t 3 
This series of reactions may be represented in general as 
m•+m 
n 
6 
(2.3) 
where m • is a radical containing 'n' monomer units and k is the 
n P 
rate constant for propagation. 
The propagating polymer may react with a neighbouring molecule 
to form a 'dead' polymer with a simultaneous creation of a new centre 
of growth. This is chain transfer. In this process a radical 
·extracts an atom from the nearest available source to saturate 
its free valency, with the production of a new free radical. The 
points to note in chain transfer are, first, that this is side reaction 
in polymerization and adversely affects the molecular weight and 
sometimes also the rate of reaction; secondly, the chain transfer can 
be with any suitable specie present, whether it is a solvent, 
a monomer, an initiator or a formed polymer molecule. 
m • + X 
n 
p + X• 
n 
( 2. 4) 
where X is either monomer, initiator, polymer or solvent molecule, 
pn is a polymer molecule 
kfx is the chain transfer constant. 
A polymer radical continues to grow until the termination process 
occurs·. Termination usually takes place by a bimolecular reaction 
between growing radicals or between a growing radical and a primary 
radical. Two radicals react with each other by combination, 
+ 
ktc 
m • m • ~ p (m+n) n m ( 2. 5) 
or k 
m • +R" prt Pn n ~ (2.6) 
disproportionation may occur however when one radical centre is transferred 
7 
to another radical centre and two separate -polymer molecules result. 
ktd 
Pn +Pm ( 2. 7.) m • + m • n m 
where ktc' k prt and ktd are the termination rate constants for 
combination, primary radical and disproportionation reactions 
respectively. 
Termination processes in vinyl monomers may be either wholly 
combination as in styrene reactions(7l) or a mixture of these modes, 
combination and disproportionation as in methylmethacrylate 
. . (72) ' polymer~zation • 
The vinyl monomers used in this present study are methylmethacrylate, 
The styrene and vinylacetate. These could be represented as _cH2 = CXY. 
initiator used is 2,2, Azobisisobutyronitrile (AZBN). The above mentioned 
polymerization steps could therefore be schematically represented as:-
Initiation: 
CH3 I 
CH3 - c N = N I 
' 
CN 
(I) 
R• + CH = CXY 2 
Propagation: 
X 
I 
CH3 I 
- c - CH 
I 
CN 
R - CH2 - ?" + CH 2 =CXY 
y 
3 
kd 
--"'? 
k. 
~ 
CH3 I 
2 CH - c· + 3 I 
CN 
( 2R •) 
X 
I 
R - CH - C" 
2 I 
R-
y 
X 
I 
CH -c 2 I 
y 
N2 
2.3.0 
Chain transfer to monomer: 
m • 
n + CH2 
f 
= c 
I 
y 
Termination: 
(a) Combination 
(b) 
'V CH -2 
f f y 
c· + ·c - c 
I I I 
y y H 
Disproportionation 
X X H 
I l I 
'V CH - C• + •C - c 2 I I 1 
y y H 
POLYMERIZATION METHODS 
"' 
8 
ktd 
-7 
= c· 
I 
y 
"' CH -2 
"' CH -2 
X X 
I I 
c - c 
I I 
y y 
X 
I 
c 
- H 
I 
y 
- CH "' 2 
X H 
I I 
+ c = c 
I 
y 
"' 
Generally, four methods of polymerization are used commercially: 
bulk (or mass), solution, suspension and emulsion polytnerization. 
In bulk polymerization, only the monomer and.small amounts of 
additives are charged to the reactor, inert diluents are not used. This 
offers a process with minimum contamination of the final product. 
The generally high degree of monomer conversion, however, results in 
a very viscous mass and consequently a low heat transfer rate from the 
reaction fluid. For good polymerization control, there is a need for 
9 
high ratio of heat transfer area. to reactor volume or a large number 
of internal cooling coils. 
In solution polymerization, diluents are used. Sometimes the 
monomers are liquid under the reaction condition and are completely 
dissolved in the solvent, in other cases gaseous monomers are 
dispersed as bubbles in the solvent, like in the production of 
polypropylene. The viscosity of the reaction medium is much 
lower than in bulk polymerization and heat transfer is thereby 
improved. The choice of solvent is important as it may affect both 
the properties of the polymer formed and the rate of reaction( 22 , 23 ). 
Additional cost is incurred for recovery and purification. of the solvent 
used. 
In suspension polymerization, vigorous agitation is used to 
disperse the monomer in form of fine droplets in water or a 
suitable medium. Suspension polymerization is sometimes referred 
to as pearl or bead polymerization because the polymer product is 
in the form of small granular spheres. Suspending agents are used to 
aid the dispersion of monomer and to prevent agglomeration of droplets. 
The type and amount of stabilizer used affects the size of the monomer 
droplets. The initiators are soluble in the liquid monomer phase, 
this results in kinetics which is similar to those in bulk 
polymerization (20). 
In emulsion polymerization, monomers are in the form of emulsions. 
'Ihe emulsion is usuall;l' formed by mixing monomer, emulsifier and 
water together. Emulsion polymerization differs primarily from 
suspension polymerization in that the initiator is maintained in the 
aqeous phase. The principal distinction between these two is 
therefore the polymerization process rather than the presence of an 
10 
emulsifier (?3) • 'lhough the presence of emulsifier and other 
additives· in the final product limits its use, the emulsion can 
be employed directly without further separation or purification. 
2.4.0 KINETICS AND MECHANISM OF FREE-RADICAL POLYMERIZATION( 24) 
' To obtain a simplified reaction kinetic scheme, the following 
assumptions are made: 
(a) Chain length dependency 
The reactivity of the radicals is assumed to be independent of 
chain length. This implies that the propagation and termination 
reaction rate constants do not depend on the size of the free 
radicals. There is.therefore only one value of k and of k for p t 
each type of reaction. The validity of this assumption is 
generally adequate at low conversions. Chain length, however, 
may become important in a viscous medium when the reaction becomes 
diffusion controlled. 
(b) Long chains 
. The consumption of monomer by the initiation step is assumed to be 
negligible ccmpared with the consumption in the propagation step. 
(c) Steady-state hypothesis 
It is assumed that the concentration of free-radicals is at a 
pseudo-steady-state during polymerization. This means that the rate 
of change of concentration of the free-radicals with respect to 
time can be equated to zero. This reduces the set of differential 
equations to be solved to an algebraic equation for the radical 
species. 'lhis assumption is found to be valid in many polymerization 
11 
processes even at high viscosities' 25l. 
Other assumptions include (i) chain transfer reactions are not 
significant, (ii) if any chain transfer occurred, the radicals 
resulting from this reaction have identical behaviour to other free-
radicals,(iii) primary radical terminations are ignored. 
2,4.1 Ideal Kinetic Scheme 
The rate of the thermal homolysis of the initiator, Rd, is 
given by:-
= (2.8) 
where 
[I} = concentration of initiator 
f = initiator efficiency defined as the fraction of the 
radicals produced in the homolysis which initiate polymer 
chains. 
The initiation reaction in polymerization is. composed of two steps 
as indicated earlier. In most polymerizations, the second step (the 
addition of primary radicals to monomer), is much faster than the 
( 25) first step, it then becomes the rate determining step • The rate 
of initiation, R,, is therefore given by:-
~ 
R . = 
i 2£kd [I] 
The rate of polymerization which is synonymous with the rate 
of monomer disappearance is given by: 
-d[m-] 
R. + R = dt ~ p 
where R = rate of propagation. p 
(2.9) 
(2.10) 
12 
Applying the long chain approximation gives 
and hence 
-d[m] 
dt = R p 
R >> R. p l. 
(2.11) 
The rate of polymerization is therefore the sum of all individual 
propagating steps. 
R = k [m·] [m] p p 
where 
[m] = 
[m·] = 
concentration of monomer 
The rate of radical termination, Rt' is given by 
(2.12) 
(2.13) 
(2.14) 
If we apply the steady-state assumption, the rate of change of the 
concentration of radicals with respect to time is equal to zero, the 
rate of initiation, Ri' is therefore equal to the rate of termination, 
Rt' of the radicals 
R = R = k rm;] 2 i t t~ 
Rearranging equation (2.15) gives 
[m·] = 
substituting (2.16) into (2.12) gives 
R p = k [m] p 
R. L 
(..2:_)-, 
kt 
( 2 .15) 
(2.16) 
(2.17) 
2.5 .o 
2.5.1 
substituting for Rt in 
R = k [m] (fkd[I )!:! 
p p kt 
13 
(2.17) gives 
Under the ideal kinetic scheme, therefore, the kinetic orders 
of the rate of reaction with respect to the initiator and monomer 
(2.18) 
concentrations are 0.5 and 1.0 respectively. kp' kd and kt are assumed 
to be constant for the polymerization process. At low conversion this 
kinetic scheme is found to operate satisfactorily. Industrial 
polymerizations are carried to high conversions however. Polymerization 
h . ( 26-28) kinetics at high conversions are known not to follow this se eme • 
Causes of the non-ideality and their effects on the polymerization 
equation will now be examined. 
NON-IDEALITY IN FREE-RADICAL POLYMERIZATION 
Non-ideality in free-radical polymerization can be caused by a 
number of factors. These include:-
Invalid Basic Assumptions 
Non-ideality will be observed when any one of the assumptions 
made in obtaining the rate equation is no longer valid. 
When very short chain polymers are formed, the rate of 
consumption of monomer will depend also upon the transfer and 
initiation reactions, the rate equation will therefore include some 
further terms (74 ). 
(2.19) 
2.5.2 
14 
This will be the equation when n(lOO. This situation could arise when 
polymerization is carried out in the presence of a strong transfer agent 
or when the initiator concentraiton used is such as to produce such low 
molecular chain lengths. 
It has recently been shown that the size of the radical chain can 
influence diffusion of the propagating end and so modify its reactivity 
particularly in the termination reaction under viscous reaction medium(19 • 29 ). 
Chain Transfer 
In the process of obtaining the rate equation, chain transfer, 
or worse still, degradative chain transfer has been ignored. The effect 
of such transfer processes is to decrease the overall degree of 
polymerization and to change the molecular weight distribution. When 
degradative chain transfer occurs, the rate of polymerization ia also 
affected. 
The reactions which may take place are: 
Production of primary radicals, 
I 
Initiation of polymer chain, 
ki 
R· +m ~ P
1
• 
Propagation, 
m·+m 
n 
k 
p 
----7 mn+l 
Rate 
( 2 .1) 
( 2. 2) 
(2.3) 
Termination of growing radicals, 
m • + m • n m 
kt 
---=-+ P { n+m) 
or 
p + p 
n m 
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{2.6; 2. 7) 
Chain transfer to X, where X may be monomer, initiator·or polymer. 
~·+X 
Re-initiation 
x· +m 
P + x· 
n 
m • 
1 
{2.20) 
{ 2. 21) 
Cross-termination involving a macroradical and radical formed from 
chain transfer. 
m· + x· mX { 2. 22) 
Mutual termination of radicals formed from chain transfer 
x· + x· XX {2.23) 
Application of stationary-state conditions to the concentrations 
. {32 33) of R·, x· and m· radicals led to the equat1ons below ' • The mutual 
termination reaction of radicals formed from chain transfer, which is 
likely to be of negligible significance except under unusual conditions 
were omitted{GG). 
= k. [w] [m.J 
l. {2.24) 
= {2.25) 
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and 
(2.26) 
From equation (2.24) 
[R·] = (2.27) 
From equation ( 2. 25) 
[x·] = 
k. [m] + kt [m·] 
l.X X 
(2.28) 
Substituting (2.27) .and (2.28) into equation (2.26) gives an equation 
in terms of [m·}. Applying 
and substituting for [m·] = 
simplifying. 
-----=.Rp:j,l-2 -::- { 1 + 
[x] [mJ 2 E X 
the long 
R 
chain assumption, R = k [m.] [mJ p p 
~ gives equation (2.29) on p 
r.xJ 
"[mJ 
ktx 
2 k. k ix p 
k R 
(1 + tx p 2 ) 
k. k [m) 
l.X p 
2fk k 2 dp 
} 
(2.29) 
where c 
X 
the transfer constant 
and the summation term allows for the inclusion of the various transfer 
reactions. 
A number of attempts have been made to simplify this equation and 
make it amenable to treatment in terms of measurable ·quanti ties such 
as R , [r] and [m] p 
• ( 33) One such l.S by Deb • He proposed that a 
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R [r][m] 2 plot of versus ---l?_ from the transformed equation (2. 30) R [m] 2 p 
[r] [m] 2 1 1 2k 
2 [x] 
= -+ ---l?_ l: c --
R 2 A A kt X [m] p 
where 
would be linear at constant values of 
[x] 
[m] if 
R 
---l?_ is very small. [m] 2 
ktx ktxRp 
-1 (1 + ) k. k k. k [m] 2 l.X p 
l.X p 
The best indication of the effect of chain·· transfer is probably 
given by the change in the number-average degree of polymerization 
P , defined as;-
n 
Rate of Polymerization p = 
n Sum of all termination rates 
R 
= 
where 
. 2 
Rt = kt(m·] termination 
Rtm = ktm [m·J [m] transfer to 
Rti = kti[r][m·J transfer to 
Rtp = ktp[P] [m·] transfer to 
monomer 
initiator 
polymer 
Since it has been established that chain transfer to AZBN in vinyl 
1 . . 1" "bl (G 7) "11 b . d po ymer1.zat1.on is neg 1.g1. e '·Rti Wl. e 1.gnore • Making the 
long chain assumption and substituting for the rates give; 
( 2. 30) 
( 2. 31) 
2.5.3 
p 
n 
= 
18 
k [m·] [m] 
R 
Substituting for [m·J = ctmr p 
inversion; 
kt R ktm 1/P" = ~ + + 
n k 2 [m]2 k p p 
which is termed, the Mayo equation. 
Primary Radical Termination 
in equation (2.32) gives, on 
k [P} 
___!£. 
--k [m] p 
The interaction of polymer radicals with the primary radicals 
(2.32) 
( 2. 33) 
derived from the initiating system is usually ignored in kinetic analysis 
of radical polymerization. It has been shown that this may be of 
significance in certain homogeneous· polymerization and may contribute 
to non-ideality in vinyl polymerization( 20). 
If primary radical transfer is absent, three reactions are possible 
for a primary radical: 
lni tia tion: 
R· +m m • 
1 k. [R·] [m} l. ( 2. 2) 
Primary radical termination 
k 
R• + m • prt P 
n n 
k [a-] [m·] prt (2.34) 
Primary radical recombination 
R" + R" products (2.35) 
19 
The relative importance of the primary radical termination step 
is increased when: 
a) the monomer concentration is small, 
b) there is high initiator concentration as this will increase 
the radical density. 
Unless when these limitations operate, recombination of primary radicals 
. . (34) is of lLttle Lmportance • It is then possible to consider, for 
most polymerization processes, a competition between initiation 
and primary radical termination only. When primary radical 
termination becomes significant, the rate of initiation will fall and 
the stationary value of [m·] is no longer independent of the monomer 
concentration. The small primary radicals diffuse more easily than 
the large polymer radicals and so the relative importance of primary 
radicals in termination processes may increase when the normal mutual 
termination becomes diffusion controlled. 
A number of attempts have been made to obtain a kinetic scheme 
which will take into account these extra primary radical reactions. 
In order to obtain tractable expressions, assumptions concerning 
(26) k and k were made by Bamford et al • prt rr 
l. k = 0: k = \kt 
rr prt 
(2.36) 
2. k = I k k prt rr t 
hence k = crk k = 0'2kt prt t rr (2.37) 
where \ and cr are constants. 
,---------------------------------
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The equations for radical dissociation, propagation and mutual radical 
termination are included in the analysis. 
I 
kd 
~ 2R• 
k 
m +m 
-4 m • n n+l· 
k 
m·+m· ~P 
n m n+m 
Treatment 1 
or P + P 
n m 
Assuming stationary concentration of [R·] and [m·], and 
performing a balance on the above equations, 
d[m·] = 
dt k. [R·} [m] l. 
= 0 
= = 0 
From equations (2.38) and (2.39) it was obtained that 
(kJm] - 1-kt[m·]>fkd[r] 
ki[m] + 1-kt[m·] 
Applying the long chain approximation 
R 
[m·] = ~ k~LmJ p 
and substituting into equation (2.40) 
k ':! k 
R (__!.__) 1 + R \~) / [mj 2 (fkd[r]) 
p k p kp p 
gave 
= 
(2.1) 
(2.3) 
(2.6;2.7) 
(2.38) 
(2,39) 
(2.40) 
( 2 .41) 
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k ~ describes the perturbations due to the primary radical termination. 
l.lkt 
Equation (2.41) is, however, not easily amenable to handling in terms 
of the measurable quantities R , IP>J and [r]. 'Ihe second assumption p 
{2.37) is, now applied to the rate relations. 
Treatment 2 
d£~·] = fkd[r] - ki[R"] [m] - k [m·J[R"] prt 
- k [R·1 2 = 0 
rr 
[R"] and [m·] were obtained from equations {2.4}) and {2.42). 
[m•J = k. [m] l. 
Substituting for [R ·] and [m·] in the rate equation, R 
p 
gave 
+ k [m·J [m] p 
({fkd[I]l'l + [mJ 
k 'l /k 
t p 
(2.42) 
(2.43) 
{2.44) 
{2.45) 
{2.46) 
{2.47) 
_ __j 
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In the absence of primary radical termination, the rate. of reaction 
R is given by, po 
Combining equations (2.47) and (2.48) gave 
R po 
R - R 
po p 
~ l + 
[m] (k/cr<~) 
(fkd[I]l'> 
( 2. 48) 
(2.49) 
l A plot of R _ R versus 
po P 
should therefore give the primary 
radical termination constant. R - R is very sensitive to errors. po p 
TO avoid this the long chain approximation was applied and substituted 
in equation (2.45) 
( 2 .50) 
+ k. [m] 
l. 
1 . a ( fk d I k t) '> l 
-RP ~ _[_]_2-"--_...,:fk::...d.,..(r .... J-. -,, + _,_[-J-:;:;.fk-dr.[r:-r]-'> 
k m k. ( k ) k m ( k ) 
p l. t p t 
( 2. 51) 
rearran<Jing and substituting for (2.37) gave 
( 2. 52) 
k " A plot l of- versus R . 
l 
--'>should 
(I j 
t therefore give as slope ---~-~ 
kp [m] (fkd) '> p 
and as intercept 
k prt 
J 
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k 
With our knowledge of kp and fkd, 
at constant [m]. 
_EE! d k an 
i 
kt could therefore be obtained 
The inverse of the degree of polymerization is given by the 
. ( 71) 
summation of the various contributing steps to cha~n end • 
+ c 
m 
[f"] 
+ c 
y [m] 
Termination Transfer to 
Transfer polymer 
to monomer 
+ PRT 
Primary 
Radical 
Termination 
Where all the symbols take their usual meaning and PRT is the 
contribution to chain end due to primary radical termination and 
is given by 
PRT = =r;:ac:t:;:e':-"o"f~p;::r:.:i:::m::;ar=y~r:.;a;od::i:..;c:.;a;ol::__;t::;e::;m=:::· n:::a::.ti=· o::;n::. rate of polymerization 
( 2 .53) 
Values of PRT are hard to come by in literature. The radioactive 
labelling technique is usually applied to investigate the contribution. 
Approximations of these values are obtained in the present study by 
applying the steady-state assumptions on the definition of PRT. 
PRT = 
k [R·] rm·] prt 1: 
R p 
steady-state assumption gives, with long chain assumption, 
k. [m] [R·] = k [m·] 2 
~ t 
kt[m·}2 
hence [R·] 
k. [m] 
~ 
R 
and [m·] 12 
k [m} p 
(2.54) 
/ 
----------- --- ------------
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sUbstituting for R· and m• in equation (2.54) gave 
2 
k t kt R 
PRT = pr P 
k.k3[]4 ~ p ljl 
(2.55} 
Calculated values of 1/P can then be compared with the values obtained 
n 
from the intrinsic measurements of the polymers separated from the 
monomer reactions and the contribution from PRT assessed. 
Other methods of assessing the influence of primary radical 
(31} termination have been proposed by Ito and Matsuda , Deb and 
(32) (36) Meyerhoff and Olaj • They applied the usual kinetic equations 
and included the primary radical reactions through equations (2.34) 
and (2.35). The relationship 
k R 
R 2 2fk k 2 (l 12rt p 
- k. k [iiij2) 
= 
d 12 l. !2 
[r](m] 2 k k R t (1 + prt 2 ) 
k.k [m) 2 ~ p 
was obtained. 
This equation was written in the form 
R 2 
where a= 
= 
2fkdk 
2 
p 
(2.56) 
(2.57) 
Linearizations were performed on the right hand side of equation . (2.57) 
on the basis that ax<<l. It should be pointed out, however, that for 
most polymerization processes ax=l. 
2.5.4 
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Linearized relationships obtained include, 
R 
_ c..,....~:P:..._ = 
[I]~[m) 
or 
2 kt [I] [m] 1 
= 
R 2 k 2 2fkkd p p 
and 
R 2 
ln = ln ( 
[I][mJ 2 
2k~ 
+ __ t_ 
k p 
2fkkdkp 
2 
kt 
1 k 
...E!. 
(2fkkd) ~ kikp 
k R 
R 
_P _ 
[m) 2 
[I]~ 
[m] 
2~ ) -
[m)2 k.k l. p 
(2.58) 
(2.59) 
(2.60) 
Where fk is the fraction of radicals which comes out of the solvent 
cage and take part in initiation, termination of growing radicals 
and recombination with a similar radical. It can be seen from this 
definition that fk>f. 
Influence of Environment on Free-Ra?~cal Polymerization 
A chemical reaction is known to be the aggregate of a series of 
successive elementary acts. It frequently happens that one of these 
acts or reaction stages is much slower than all the subsequent stages. 
The slowest stage is kn·own as the limiting or rate-determining stage. 
In fast chemical reactions, such as interaction.between free-radicals, 
the chemical reactions often proceed faster than the diffusion process, 
in this case the rate of formation of the final product will be deter-
mined by the rate of diffusion which then becomes the limiting stage ' 28 ) 
It has been known that as polymerization process continues, physical 
26 
changes in the environment influence the movement of radical chain ends. 
The effect is to produce variation, to different degrees, of the velocity 
coefficients for propagation and in particular the termination 
(19) process 
2.5.4.1 Diffusion Control of Termination Reaction 
In a homogeneous polymerization, the idea that mutual termination 
of growing chains is diffusion-controlled has grown in strength in 
recent years. Three main theories have been put forward to explain 
the mechanism. 
Th f . db " th(6,37,38) e ~rst theory was propose y Reed and .. or • They 
visualised termination to be three consecutive steps: 
a) the transl-ational diffusion of the polymeric radicals m • 
n 
and m • to a position of close proximity. 
m 
[m ·J + n [m ·] m [m • • • • • • • m ·] n m 
b) rearrangement or rotation of the macromolecules in this 
encounter position so that the groups in contact are the 
reactive portions of the molecule. 
k3 I m • • • • • • • m • I ---:::::::~ n m ..,... lm • n m ·I m 
c) chemical interaction to give completed polymer(s). 
(2 .61) 
(2.62) 
It was suggested by this theory that the second stage, the segmental 
diffusion of the radical free ends would be the rate controlling step. 
The second theory(}g) proposed that the translation diffusion of 
the polymer chain is the rate-determining step. The diffusion 
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coeeficient so obtained is then corrected for the probability of 
the chain ends being in the position to interact. 
The third theory(40} considers that the diffusion of the radical 
end of the growing chain is the rate determining step. This rate of 
diffusion is, however, considered to be governed by the translational 
diffusion of the whole polymer chain. 
What happens in practice would probably be a mixture of all 
these theories. In polymerization at low viscosity, it has been 
shown(19 •45 } that the rate of reaction between polymer radicals is 
giverned by segmental diffusion of the radical ends. At higher conversions, 
when the viscosity is high, the reaction between the large radicals are 
influenced by the translational diffusion of the whole radical chain. 
It was noted by the.early workers in polymer formation, Norrish 
and Smith( 4 l} and Trommsdorff(42) that the bulk polymerization of a 
number of vinyl monomers is accompanied by a sharp increase in the 
reaction rate at certain degrees of'polymerization. Much later, 
increased molecular weight of the polymer formed was noticed to be 
associated with this phenomenon. This effect received the name 
'gel effect' or 'Trommsdorff effect'. It was found that the shape of 
the curve of polymerization rate versus conversion, with autoacceleration 
or gel effect, is determined by the nature of the monomer, the 
concentration of initiator used and the experimental conditions. 
Norrish and Smith suggested that the autoacceleration is due to the 
decrease in the rate constant of the termination process. They 
showed that if the concentration of the initiator in the polymerization 
of, for example methyl methacrylate, is increased or the temperature of 
the reaction medium was increased, autoacceleration began at a higher 
conversion. Since both the increase in initiator concentration and 
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the raise in reaction temperature favour a decrease in the molecular 
weight of the polymer and hence a decrease in the viscosity of the 
reaction medium, it followed that the Change in the termination rate 
constant was caused by the increased viscosity. The onset of gel-
effect can also be delayed by performing" the polymerization in a diluent 
which is a good solvent for the formed polymer or by adding a powerful 
transfer agent to the system so that lower molecular weight polymers 
are produced. The termination rate constant has been shown to 
depend on: 
a) the visoosity of the reaction medium(G,J?) 
b) the degree of . (6 43) convers~on ' 
c) the degree . (44) of polymer~zation and 
d) the . ( 37) solvent power of the med~um 
2.5.4.2 Effects of Viscosity 
A polymerization process involves the Change of rheological 
properties on an enormously large scale, from a low-viscosity liquid 
to a nearly solid (and sometimes completely solid) viscoelastic body. 
The viscosity increases by many orders of magnitude. The decreasing 
mobility of the growing chain, as polymerization and viscosity of the 
medium increases, makes the chain termination and eventually the chain 
propagation reaction becomes diffusion controlled. 
The choice of viscosity as the parameter through which to investigate 
polymerization is due partly to the fact that industrial polymerizations 
occur in highly viscous mediums and in reactor design there is need for 
quantitative relationships between the polymerization kinetics and the 
ever changing solution viscosity. Another important factor to bear in 
29 
mind is that from the theory of solutions, the methods exist for 
representing the dependence of viscosity on the both the degree of 
conversion and the molecular weight(4G). The nature of this dependence 
is dictated by the kinetic scheme of polymerization, either free-radical, 
ionic polymerization or polycondensation. Free-radical polymerization 
takes place in such a way that the average degree of polymerization remains 
constant at low conversions (when the gel effect has not been 
manifested which causes increase in molecular weight) and polymerization 
occurs by way of formation of new chains. An example of such 
a relationship is the power dependence 
~ = (2.63) 
where ~is the viscosity of the solution, 
P is the degree of polymerization and 
C is the degree of conversion. k, a and b are constants 
dependent on the polymer/monomer interactions. 
In most of the work done on the effects of viscosity, 'base 
solvents' such as mixtures of sucrose acetate isobutyrate and di-
. (38) Lsooctyl phthalate or copolymers of ethylene glycol and polyethene 
. (37) (47) glycol wLth ethyl acetate have been used. It has been shown that 
the differences in the termination rate constant observed, at the very 
low conversions at which the experiments were carried out, are associated 
with the different base solvents. This is not surprising because the 
nature of interaction of the polymer with the surrounding solvent 
influences both the segmental and translational motions of the 
macroradicals and hence the termination rate constant. 
In free-radical polymerization, the viscosity increase is due to 
L__________________________________________________________________________________ ---- --
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the growth in coneentra±ion of 'dead' polymers already formed. Since 
the 'dead' polymer and the growing radical chain are of the same 
structural units, specific types of interaction takes place between 
then which would be different from that between the growing radicals 
and a base solvent. To simulate this situation for methyl methacrylate, 
(19) . Brooks , pelymen.zed this monomer in the presence of known amounts 
of its polymer. The polymerization rate at various viscosities were 
then obtained. Thus it was not necessary to produce substantial 
amounts of polymer during the experiments in others to obtain a high 
viscosity. The measurement of the initial rate of polymerization allows 
a composite view of reaction rate and viscosity increase along the poly-
merization curve to be obtained. The present investigation of the effects 
of viscosity on the kinetics of free-radical polymerization is 
fashioned after this procedure. 
2.5.4.3 . . (19 48 49) Effects of Radical Size ' ' 
The suggestion that the diffusivities of macroradicals depend 
on their size is a reasonable one. A reason for expecting this comes 
from the fact that the rate coefficients for reactions between small 
radicals are larger than values observed for radical-radical reactions 
in polymerization systems. As the polymerization progresses and viscosity 
increases, two populations of polymer radicals can be visualised. 
Firstly, those large enough to have their chain termination reactions 
controlled by their translational diffusion. Secondly, those smaller 
radicals which have their diffusion unaffected by the bulk viscosity. 
The possibility of this second group bring influenced by the micro-
viscosity at high conversion has been suggested. The threshold between 
• 
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these two groups will not be a static one, however, as relatively small 
radicals that are not diffusion controlled at low viscosity could 
exhibit diffusion effects at higher viscosity of medium • 
2.5.4.4 Diffusion Control of Propagation Reaction 
There is overwhelming evidence that the propagation reaction of vinyl 
monomers is not diffusion controlled until very high conversion molecules 
are small enough to diffuse more readily through the reaction medium than 
the polymer molecules as they do not have the long entangling tails 
to carry with them. Measurements of the absolute values of the individual 
rate constants show that the termination constant has been found to 
decrease considerably especially during the autoacceleration process 
whereas the propagating rate constant remained constant. Investigations 
reveal also, that in bulk polymerization, reaction often end abruptly 
short of complete conversion to polymer. At this point, usually about 97% 
monomer conversion, the monomer molecules as well as the polymer molecules 
are no longer free to diffuse through the medium. Hence polymerization ceases 
short of completion under conditions in which the polymerization reaction is 
(65} taking place below the glass transition temperature of the polymer • 
The stage at which the propagating reaction becomes diffusion controlled 
is about the conversion of 70% for methyl methacrylate and styrene reactions 
at 50°C(SO). This conversion is not reached in this investigation. The 
propagation rate constant k is therefore taken to be constant. Vinyl p 
acetate however, shows a variation of k p 
. (28} 
even at low convers1ons . 
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2.5.4.6 Diffusion Control of Initia~on Reaction 'Cage' Effects 
2.6.0 
The homolysis of initiators leads to the formation of two radicals 
in close proximity. In liquids, the diffusive process by which the initiator 
radicals change neighbours is slower than the collision with the radical 
pair. It is pcssible then to consider two neighbouring molecules being 
kept in position by the solvent cage. The probability of a radical 
initiating polymerization depends on the relative rates of a number of 
competing processes. The radicals inside the cage may: 
a) react with each other, 
b) add to a monomer nearest neighbour, 
c) diffuse out of the cage. 
Even after the radicals have separated successfully, there is still a 
probability of encounter with other radicals(Sl). All these competitive 
processes affect the efficiency of initiation in the reaction. 
Bevington( 2S) and Brooks(lg) studied the efficiency of AZBN dissociation 
at varying viscosity and found that the efficiency of radical production 
is essentially constant. 
TREATMENT OF DIFFUSION EFFECTS 
Diffusion controlled reactions represent a large class of reactions 
for which it is possible to caiculate theoretical reaction rate constants 
from first principles. It is necessary to start from certain physical 
models for the reaction which, however, may not be completely realistic. 
There are two main physical models proposed by Rabinowich and Smoluchowski. 
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RABINOWICH MODEL 
Rabinowich considered collision between two small molecules of the 
same size in a closely-packed!J!edium. He assumed a quasi-crystalline 
structure for the liquid. A reactant molecule, A, in the process of 
diffusion, occupies successively a number of sites. In this process it 
finds itself in a state of encounter with B. The average number of sites 
with which A needs to make contact before encountering B is that number 
of sites which on the average contain a B. The rate of encounter was 
then derived from the number of sites and the·average time lapse between 
encounter. For conditions where the MOlecules are diffusion controlled, 
the velocity constant for the encounter, kAB is given by 
where 
(2.64) 
DAB = relative diffusivity of A and B 
z = number of molecules that surround A on any site 
F = friction coefficient which describes the resistance by the 
viscous force for a molecule in motion 
o = factor which accounts for the fact that not all diffusive 
jumps lead to the separation of the particles 
NA = Avogadro's Number 
In relating this model to the polymer reaction, it should be borne 
in mind that the treatment assumes reaction between two small similar 
molecules and that the liquid is quasi-crystalline. 
SMOLUCHOWSKI MODEL 
The most widely known treatment of diffusion-controlled reaction 
is that originally developed by Smoluchowski. It was to account for the 
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rates of coagulation of colloidal particles. He regarded the reactant 
particle as a spherical sink. All other particles then move towards 
this centre along a concentration gradient. If a particle gets within 
a defined radius, RAB, of this sink, reaction may occur. A diffusion 
equation was then set up with boundary conditions defined by the 
efficiency of reaction of the particles when in contact. The rate 
coefficient was then defined as 
(2.65) 
A number of methods have been proposed to explain, describe or 
characterise vinyl polymerization at higher conversion when diff~~ion control 
takes place and gel effect sets in. 
2.6.1 Macromolecular Close Packing 
(43) (52) . 
vaughan and recently Turner applLed the concept of quasi-
crystalline structu~e for liquids, proposed by Rabinowich, to polymer 
reactions. The onset of diffusion was equated to the condition when the 
concentration of polymer approximates to a condition of macromolecular 
close packing. The macromolecules are then treated as equivalent to uniform 
rigid spheres. As pointed out earlier, the flaws of this approach lie 
in the fact that the quasi-crystalline structure for liquid is of limited 
applicability and polymer molecular strands can hardly be described 
as spherical. A more generally accepted consideration is the 'free-
. . (53) draLnLng' approach proposed by Derby which allows for the influence 
of molecular chains and molecular entanglements. 
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2.6.2 The 'Free Volume' Approach 
Correlations involving the free volume in polymer solution have been 
proposed to account for diffusional effects in conversion to a high degree. 
This is based on the effect of molecular weight of a polymer on its glass 
(54 55) (55) 
transition temperature ' • Balke and Hamielecc defined a dimensionless 
group a as 
where ktd is the constant for the diffusion controlled termination reaction. 
Through the free volume equation conversion and molecular weight 
distribution were expressed in terms of this variable. 
Conversion 
"l = f(x) 
where 
ktd l dx 
"l = tmi:" k 2 dt 0 p 
where [m] is the initial monomer concentration. 
0 
Molecular Weight Distribution 
w 
n 
= 
2 
a n exp (-an) 
where n is the polymer chain length. 
Curve fittings were done both on the polymerization rate and the gel 
' permeation chromatograph of polymers produced. Best fit values 
of a and et 1 were obtained. The conclusion reached was that the 
(2.67) 
(2.68) 
classical free-radical kinetics are applicable during diffusion control 
of the termination process. 
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2.6.3 Entanglement Plus Free Volume Theory 
O'Driscoll et al (SG) have related the. concept of entanglement with 
some elements of free volume theory to define the onset of diffusion 
control in free-radical kinetics. 
The entanglement composition at the critical point (section 2.6.5) 
is defined by. 
k = (p ) fl·<P 
n n p 
where P is the average chain length of polymer 
n 
<P is the corresponding volume fraction p 
(2.69) 
~ is a constant equal to 1 for Bueche's entanglement theory 
k is a constant depending on polymer and the thermodynamic quality 
n 
of the monomer. 
The reduction in chain mobility caused by entanglement is given by 
= (2.70) 
where kte is the termination rate constant for the entangled radical 
chain. 
The average number of entanglements per chain, p , was defined to be 
e 
proportional to the polymer concentration and its molecular weight: 
<P p 
P = a( P n ) e k (2.71) 
n 
It was then postulated that there exists an inverse proportionality 
between kte and the entanglement density 
(2. 72) 
where a and b are constants. 
Combining (2.71) and (2.72) gave 
<~' = a • 
0 
k 
n ) I:! 
~ p P n 
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(2.73) 
The rate of polymerization when diffusion limitation sets in was then 
predicted to be an extra function (apart from those of the classical 
kinetic scheme) of eo •, e: , n and n, where E is the volumetric expansion 
c 
coefficient, n is the critical chain length, at which a chain becomes 
c 
diffusion controlled and n is the chain length. Constants k and a ',,.-
n o 
were then obtained from curve fitting experimental curves of rate of 
polymerization and molecular weight distribution with the equations given 
above. 
Before proceeding to consider the last treatment, relationship of kt 
and diffusivity Don the one hand and viscosity and volume fraction 
on the other are considered. 
Bueche( 64 ) and Horie et al(GS) have shown that the diffusion 
coefficient of polymeric radicals, D in a viscous system is inversely p 
proportional to the bulk viscosity of the medium and is related to the 
free volume of the system Vf by 
where 
V* 
vf 
<P 
0 
0 
D = p 
c 
\1 
= (<P o2/crN*) exp(-S*V*/V ) 
0 f 
is the critical amount of free volume for 
is the free volume of polymer solution 
is the jump frequency 
is the jump distance 
N* is the number of segments 
(2.74) 
a segment to jump 
S*=In(V*/v )-1. (Since V* itself is not well known the quantity S* f 
may be taken as unity) and C is a constant. 
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Assuming additivity of the free volume of polymer and 
monomer: 
= {0.025 + et (T-T ) } ~ + { (0.025 + et (T-T ) } (l- ~ ) P @ P m ~ P 
(2.75}. 
where et is the difference between the volume of expansion coeffi-p 
cient of the polymer in the molten and glassy state; and T , gp 
T , T are the glass transition temperature, for the polymer, gm 
monomer and the reaction temperature respectively. 
The following points are noted from these relationships: 
a) the dependence of D on ~ , and hence of kt on ~ is not p p p 
a simple function, 
b) the variables and physical assumptions involved in relating 
D to ~ create some conceptual problems, for example, the p p 
assumption of additivity of free volume which in effect 
neglects the polymer-monomer interactions. 
c) the established inverse relationship between diffusivity and 
viscosity lends itself to treatment and hence better inter-
pretation, 
d) the solvent effect is lumped together with the polymer diffu-
sional effect in considering the volume fraction alone. 
However, the solvent effect is taken care of in viscosity 
considerations as it affects the value of viscosity itself. 
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It should be noted also that there are problems inherent 
with curve fitting molecular weight distribution and polymeri-
zation rate curves. The scale of this problem is greatly 
increased if the variables are large in number and are not well 
defined. 
2.6.4 Entanglement Plus Viscosity of Reaction Medium 
As polymerization progresses, the viscosity of the reac-
tion medium is increased and the polymer/polymer interactions 
become prominent. Brooks(lg) applied the Smoluchowski diffusion 
equation to relate the termination constant to the reaction scheme 
through the translation diffusion process and developed this 
treatment: 
811 r D 
k t = -:l-:+-;;8...:1!:...::.r-;::D-,!i<""'·-;-, 
t 
(2. 76) 
where: r = critical interaction distance between the radicals 
k '=the rate constant of the segmental diffusion 
t 
Provided the changes in the microviscosity are small, k.t' will be 
almost constant. If D is large, from (2. 76), kt = kt'. Measurable 
quantities were then related to the translational diffusion by 
substituting for k t in equation 2 .18. 
1 
+ iZ' 
t 
(2.77) 
• 
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Since diffusivity is expected to vary as inverse of viscosity, 
a plot of 
R 2 R 2 
-L--) - ( --"'----- )0 [I] [m] 2 [!] [m]2 x 
versus viscosity of reaction medium should give a slope of unity. 
(Subscripts x and o apply to x conversion and zero conversion 
respectively). It was found that this was not so and hence the 
concept of entanglement was introduced. The growing polymer 
radicals were then considered to be composed of two groups. 
One group contains radicals large enough to be influenced by 
the translational diffusion through the viscous medium. The other 
group contains radicals which are small enough not to be affected 
by the macroviscosity of the reaction medium. A new termination 
scheme was then proposed: 
k t p m . + m . + 
n m n+m 
k.tm p (2.78) m . + mmd . + n n+m 
m •+ mmd . 
\d p 
nd n+m 
where the subscript d denotes radicals with hindered translational 
diffusion. 
Assuming a free-draining coil model, ktd was determined from 
a knowledge of the diffusion coefficient D , given by p 
w!tere; 
D p 
kb 
T 
p 
r2 
(I) 
= 
= 
= 
= 
= 
Boltzmann's 
temperature 
41 
2 (!_} 
(I) 
constant 
oC 
polymer densii.ty 
average square end-to-end 
mer molecule 
molecular mass of polymer 
distance of a poly-
On the premise that all radicals of type mnd• behave as 
described above, he applied the Smoluchowski equation 
(2. 78) 
At low viscosity, before the decrease in k·.t, k.t = k.td and 
R was obtained by using equation (2.78}. This value of R was the 
assumed constant and used to calculate td at higher viscosities. 
Having known the various termination constants, the concentration 
of non-hindered and hindered radicals, ~ and m0 , were obtained 
respectively. 
Rates of initiation and termination were equated to give 
equation (2.79) 
(2.79) 
The total concentration of radicals was given by: 
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(2. SO) 
The termination rate constants were related by the arithmetic 
mean: 
(2 0 81) 
To investigate how the size of restricted radicals vary 
with viscosity', Brooks then chose a single value of degree of 
polymerization, my' above which all polymer radicals have trans-
lational diffusional restriction. 
A material balance on m • gives y 
k [m •][m]- k [m •][m]- k [m •] p y-1 p y t y 
j=y 
l j=l 
- k [m •] L 
cm_ Y j=y+l 
[m. •] = 0 
J 
where: 
r j=l 
00 
L j=y+l 
where: 
B 
[m, •] 
J 
=M 
N 
[m. •] =M J -D 
k [m] p 
k [m] p 
+ k [M ] tm ·n 
[m. •] 
J 
(2.82) 
(2.83) 
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A separate material balance for m1 • gave 
2 f kd [I] B 
ml• = [m] (2. 84) kp 
and 
2 f k d [I] By 
m • = [m] (2.85) y kp 
For restricted radicals only 
(2.86) 
These equations were then combined to obtain the variation of y 
with viscosity. 
3.6.5 Critical Points 
In dilute polymer solutions, the viscosity is a function 
of the molecular weight, molecular structure, polymer/solvent 
mutual interactions and the properties of the medium. The polymer 
molecules could be said to act as individual units and their 
physical characteristics governed by their intrinsic properties. 
As the concentration of polymer increases, the intermole-
cular ·interactions become pronounced and at a certain concentra-
tion the polymer molecules will be in permanent contact. The con-
+ 
centration, C , at which this happens depends on the shape, the 
flexibility and interactions of the polymer molecules. 
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on increasing the polymer content further, entanglement will 
begin. The behaviour in this concentration regime and at higher 
concentration is governed by the flow of solvent through the 
polymer coils. ** la..cJJ A further increase in concentration to c 13£ht9S 
~ to a situation in which there is a homogeneous network of 
physically entangled polymer molecules. For some high molecular 
weight polymers however, only a single change point is noticed 
at concentration C+. 
+ ** The concentrations C and C have been. regarded as critical 
concentrations for the transition from dilute to semi-dilute 
polymer solutions. The validity of this critical concentration 
concept has been shown by a number of experimental techniques 
such as the Inelastic Laser Light Scattering Techniques (ILLST) (SS) , 
(59) (60) . . . (61) . (62) NMR , Osmometry· , Sed1mentat1on Veloc1ty and V1scometry • 
The significance of these critical points is the variation of any 
particular physical quantity investigated which is changed by 
an alteration of its power law dependency. 
A number of attempts have been made to define the critical 
concentr~tions: 
a) From the Einstein viscosity theory for a suspension of spheri-
cal particles as applied to macromolecules: 
C** 2.5 = TfiT 
where [n] is the intrinsic viscosity of the molecules in 
solution. 
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b) {58) Adam and Desanti proposed that the overlap begins when 
the distance between the centres of two neighbo1.\r.ing coils 
is equal to 2R: 
c+ m = 
R3 
m 
1 w 
= 
NA ps R3 
where m = molecular weight of macromolecules 
PS = solvent density 
NA = Avogadro's Number 
R = radius of gyration of the coil· 
c) Cornet{SS) pointed out that plqts.of log~ versus log c, 
tend to be curved at low concentrations but become straight 
lines at high concentrations. The concentration of the 
onset of straight line behaviour, C**, was taken to be the 
concentration of uniform density. This definition is used 
in the analysis of viscosity curves in the present investi-
gation. 
0 h k th 0 . l{?O) dh' d W'll' {62 ) t er war ers, among em nog1 et a Gan ~ an 1 1ams , 
(68) . {69) Oreval et al and Simha and Zak1n have shown that viscosity 
plots do show clearly the variation or change in the nature of 
polymer/solvent or polymer/polymer interactions. 
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Since these types of interactions affect the diffusivity of 
the polymer radicals within a polymerization process, relating 
them to the variation in kinetics would be a profitable venture. 
2.7.0 THE PRESENT WORK 
It is noticed that the factors which affect diffusion, 
and hence the termination rate coefficient, in a polymer system 
are: 
a) polymer-polymer interaction 
b) molecular weight of polymer 
c) to some extent, the polymer-solvent interaction. 
These same factors affect the viscosity and variation in 
viscosity as the polymerization proceeds from pure monomer to 
solid polymer. 
The objective of the present work, therefore, is to invest!-
gate the effects of viscosity on the kinetics of the free-radical 
polymerization of some vinyl monomers. 
In an isothermal polymerization system, the following change 
with time: 
a) the concentration of polymer, 
b) the viscosity of reaction medium 
c) to some extent, the molecular weight, and molecular weight . I 
distribution of the system. 
Since all these affect the kinetics, by using the procedure devised 
c 0. ~~ b.>- k<.ft (19) by-Brooks OR9 can kaQp (a) and (c)~ constant and so be able to 
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study the effect of viscosity. Also by performing reactions at 
constant viscosity but using different molecular weight poly-
mers, the effect of concentration and molecular weight too were 
investigated. To achieve this, preformed polymers of known 
molecular weight and molecular weight distribution were intro-
duced into monomers. At various polymer concentration and mea-
sured viscosities, the monomers were polymerized with varying 
initiator concentrations. The initial rates of polymerization 
were obtained. The kinetics were therefore obtained with increa-
sed conversion (in this case, increased amount of preformed poly-
mer added) and increased viscosity of medium. Preformed polymers 
of the reactant monomer were introduced in some reactions while 
in others, preformed polymer of different monomer types were 
introduced and the newly formed polymer of the solvent monomer 
was separated after the reaction. These were then analysed for 
molecular weight and molecular weight distribution. 
Reactions were carried out with: 
a) Methyl metha<:rylate monomer as solvent for various molecular 
weights of polymethylmethacrylate, polystyrene and polyvinyl 
acetate at different concentrations and viscosities. 
b) Styrene monomer as solvent for various molecular weights of 
polystyrene and one of polyisobutylene at various concentra-
tions and viscosities. 
c) Vinyl acetate monomer as solvent for two molecular weights 
of polyvinyl acetate at different concentrations and visco-
sities. 
48 
Reactions were carried out to obtain about 3 to 5\ con-
version a£ the monomer. Solvent precipitation techniques were 
then employed to separate the two different polymers in cases 
where a different polymer was the introduced preformed polymer. 
The properties of the polymer thus obtained were found. 
Gel permeation chromatographs and viscosity average molecular 
weights of the polymers were obtained. 
2.8.0 CONCLUSION OF LITERATURE SURVEY 
The kinetic scheme for free-radical polymerization at 
very low conversion is well understood. The rate coefficients 
are constant and the kinetic order with respect to initiator and 
monomer are 0.5 and 1.0 respectively. As polymerization conti-
nues, however, a different picture emerges. The kinetic orders 
have been found to vary and the rate coefficients change. A number 
of explanations have been put forwand to explain this behaviour. 
They include: 
a) invalid basic assumptions 
b) chain transfer (degradative) 
c) primary radical termination 
d) influence of the environment on the radical reactions. 
By far the most important of these causes is the influence of 
the environment on the termination process. A number of ways 
have been proposed to treat this diffusion effect. Much work has 
been done to relate molecular weight and concentration of polymers 
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to the viscosity of their solutions. The viscosity of the reac-
tion medium could be related in a simple way to the diffusion 
of the polymer radicals within. it. The changes in the nature of 
interaction between polymer radicals could also be shown by .the 
• 
changes in viscosity of the medium. A study of the kinetics 
from the viscosity viewpoint is therefore of great importance. 
CHAPTER 3 
EXPERIMENTAL WORK 
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3.1 INTRODUCTION 
For better understanding of the viscosity effect on the 
kinetics of free-radical polymerization, '•'e need he know mea-
surable quantities such as 'rate of polymerization, R , initiator 
h.MJe... t.P \:m- IL-r\. (>...)"' ... 
concentration [I] and monomer concentration [m],( Also we need to 
know the molecular weight and molecular weight distribution of 
the polymer formed during these reactions as the viscosity of 
the medium is increasing. 
The monomers used for these investigations are: 
a) methyl methacrylate 
b) styrene 
c) vinyl acetate 
The reactions were carried out at 5o0 c. The experiments were desi-
gned to investigate: 
i) the viscosity of the reaction medium as it affects the kinetic 
rate constants 
ii) the effects of the molecular weight of the already formed poly-
mer on the solution viscosity and kinetics of ·reaction 
iiil the influence of the size of the growing radical on the kinetics 
of reaction. 
To achieve these objectives,·monomers were used as solvent to 
which preformed polymers were added as a means of increasing the 
viscosity. Initial rates of polymerization were obtained for the reac-
tions. Reactions of the monomers were performed at constant reaction 
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viscosity but varying molecular weight of added polymer. Three 
initiator levels were used to allow for the effect of radical 
size to be investigated. Different polymers, from those of a 
monomer used as solvent, are introduced as viscosity increasing 
agents so that the newly formed polymers could be separated and 
their molecular weight and weight distribution investigated. 
The factors that determined the choice of polymer were 
solubility, comratibility between the introduced polym7r and 
the polymer of the solvent, separabr! ity and degree of Interac-
tion with the monomer reaction. 
3.2.0 MATERIALS 
3. 2 .l Monomers 
Methyl methacrylate (B.D.H) and Styrene (B.D.H) were washed 
with 10% aqueous sodium hydroxide while vinyl acetate was washed 
in l% sodium hydroxide. The rnonomers were then dried over mole-
cular sieves and distilled under reduced pressure. The prepared 
monorners were used immediately or stored at -35°C before use. 
3.2.2 Initiators 
Azobisisobutyronitrile (B.D.H) was recrystallized from metha-
nol at low temperature. 
n-BUtyllithium (obtained from Chemistry Department, Loughborough 
University of Technology) was 15% w/v in n-hexane and used as supplied. 
3.2.3 Polymers 
a) Polymethyl methacrylate (B.D.H) was reprecipitated from benzene. 
Its behaviour in polymerization experiment remained unchanged. 
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The polymer was considered to be free of significant impuri-
ties and was used without pre-treatment. 
b) The polystyrene grades used were prepared in the laboratory 
by the anionic technique. n-Butyllitium was used as initiator 
and purified, dried benzene as solvent. 
c) Polyvinyl acetate (B.D.H) • Both high and low molecular weight 
polymers were found to be free of gel and used as supplied. 
d) Polyisobutylene (Esso Chemicals, Vistanex ~H) • This was 
reprecipitated from hexane. Its.behaviour in polymerization 
remained unchanged. The polymer was considered to be free of 
any significant impurities and was used without further pre-
treatment. 
3.2.4 Solvents and Precipitants 
• 
Acetone (Fisons) SLR grade, used as received. 
Methanol (Fisons) " 
" " " " 
Hexane (Fisons) " " " " " 
Benzene (B.D.H) crystallizable. Dried over sodium and dis-
tilled under vacuum. 
Tetrahydrofuran (B. D. H) . Freed from inhibitor by distillation 
under reduced pressure . 
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3.2.5 Inhibitor 
Hydroquinol (Fisons) used as received. 
3.2.6 Nitrogen used throughout was BOC high purity gas. 
3.3.0 APPARATUS 
3.3.1 Thermostat Bath 
The measurements of solution density, viscosity and poly-
merization rates were made at 50°C with water bath of an accu-
0 
racy of about ± 0.01 C. 
Densities of the solutions were measured by using specific 
gravity bottles. 
3.3.2 Viscometer, Figure 3.1 
The viscosities were measured with the Haake Rotovisco, 
RV2 viscometer. The dual.measuring head DMK 50/500 generated maxi-
mum torques of 50 and 500 cm-g. The NV viscosity sensor system 
was used and this allowed for measurement of viscosities from low 
viscosity-monomers to solution viscosities as high as lOO poise. 
~here was a provision for measuring the viscosity at elevated 
temperatures. All viscosity measurements were done at the reac-
0 tion temperature, 50 C. 
3.3.3 Dilatometers 
Polymerization rates were determined dilatometrically. 
The size and design of the reaction vessels were governed by 
the following factors: 
54 
CUP. 
FIGURE 3.1 VISCOSITY SENSOR SYSTEM NV 
__________________________________________________ __j 
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a) accuracy 
b) expected volume changed 
c) surface area to volume ratio to effect good heat transfer 
characteristics. 
At low viscosities, dilatometers with annular cross-section 
were used,_ Figure 3.2. The reaction fluid was present in the 
capillary attached to the reactor furnished a sensitive method 
to measure the volume, and hence the density change as polymeri-
zation proceeded. Precision-bore capillaries used have internal 
diameters of 0.75 mm for the styrene reactions and 1.00 mm for 
the methylmethacrylate and vinyl acetate reactions. The average 
size of the capillaries were obtained by measuring variation in 
length of a known quantity of mercury, introduced into the 
capillary, at various positions along its length, with a travel-
ling microscope. 
At higher viscosities, both the capillary and reaction 
vessels were difficult to fill. A new design of reaction vessel 
from spiral-shaped tubes of about 6.00 mm internal diameter was 
used, Figure 3.3. The reaction vessels were filled under nitro-
gen pressure. The capillary was filled with pure mercury which 
was in contact with the reaction solution. The polymerization rate 
was then obtained by the reduction in volume of mercury in the 
capillary. In the preliminary experiments at low monomer conver-
sions, gravimetric determinations of percent conversions were 
carried out by precipitation with methanol (in styrene and methyl-
methacrylate reactions) and vacuum drying to constant weight. 
SIDE 
VIEW 
I 
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) 
~ 
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FIGURE 3.2 
FIGURE 3. 3 
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CROSS-SECTION 
ANNULAR REACTOR 
SPIRAL REACTOR 
57 
There was very good agreement with the dilatometric rate deter-
mination method. 
For the annular-type reactors, the total volume of reac-
tors was about 25 mls. The spiral-shaped reactors however 
were made of about 15 mls each. 
The reactions were quenched by immersing the reactor 
in salt, water and ice mixture of 4oc. 
3.3.4 Set-up for the Anionic Polymerization of Styrene 
The reactor consisted mainly of a 500 ml round bottomed 
flask, a stirrer and a set-up to introduce the initiator, n-
buthyllithium, into the reactor without contact with air, 
Figure 3.4. 
Pure dried benzene was introduced into the reactor followed 
by styrene that had been purged with nitrogen. The initiator was 
transferred to the burrette by the use of the vacuum line. The 
required quantity is then allowed into the reaction mixture. 
Temperature increase was closely matched with methanol/water solu-
tion at standby to kill the reaction in case of temperature run-
off. The reaction was constantly under a slight nitrogen pressure 
to keep out oxygen and water vapour. 
The molecular weight required was estimated by the equation: 
m 
n 
concentration of styrene 
; ,-~..,(-co_n:::c:::e::.n:::t:::r::.a:::t:.:i;:;o:.:n=o:,f,=.::B:...u.::;t:;:h"'-y'Ol~l:Ci.::t,...h7i-um-) 
The reaction was left for 12 hours for complete conversion, after 
which it was quenched by the introductlon of methanol/water mix-
ture. 
--- ----~-------~----~-~~=~~>~·.·::­
Water bath 
at l0°c 
· .. ;;''. 
•' ~ .. " . 
Stirrer 
Thermometer 
,/ 
Vacuum 
10 ml.Burrette 
. . . 
' 
/ 
' /. 
I 
FIGURE 3.4 SET-UP FOR ANIONIC POLYMERIZATION OF STYRENE 
Initiator 
59 
Polystyrene was precipitated out with methanol and dried 
0 
under vacuum at 60 C. 
3.3.5 Gel Permeation Chromatograph 
Water Associates Model ALC/GPC 501, differential refracto-
meter, liquid chromatograph was used for the molecular weight 
analysis. 
The specifications are as follows: 
Columns: ~styragel columns of dimension 
7 cm (ID) x 61 cm length (x 2 lengths) 
7 cm (ID) x 61 cm length (x 2 lengths) 
Flow rate: l.S ml/min 
Solvent: Tetrahydrofuran 
Temperature: Ambient 
Operating Pressure: 900 ± 50 psi 
Av. Concentration: 0.2% w/v polymer in solvent 
Calibration curve: Obtained by use of polystyrene standards. 
No corrections were necessary for use 
. . (78) Wlth polymethyl methacrylate • 
In order to evaluate total elution time, a low molecular 
weight internal standard was added to the sample. 
Tetraphenylethylene (TPE) of molecular weight ~ 332 at a 
concentration of 0.025 to 0.05% w/v gave a suitable reference 
peak. 
At 0.2% polymer concentration and attenuation of x 16, the 
instrument gave sufficient sensitivity for both polystyrene and 
----------------------------------------------------------- ' 
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polymethylmethacrylate. 
3.3.6 Infrared Spectrophotometer 
The Unicam SP 200G Grating Infrared Spectrophotometer 
was used. It has Nersnt Light source and operates in a wave-
number range,of 650 to 4000. 
3.4.0 MEASUREMENT OF RATE OF REACTION 
3.4.1 Reactions in which increase in viscosity is obtained by 
the introduction into the monomer of preformed polymer of the 
monomer. For example polystyrene in styrene; polymethylmetha-
crylate in methylmethacrylate monomer. 
The density of solution at various levels of polymer 
concentration were obtained for each polymer/monomer system. 
This produced a density versus monomer concentration curve. 
The progress of the reaction of the monomer (in the presence of 
already added polymer) was followed by the decrease in height 
of liquid (or mercury) in the capillary. This change in height 
is converted to change in volume with time. The change in volume 
of the reaction mixture was then converted to density change 
with time (since we know the total volume of reactor and density 
of starting solution). From our knowledge of density versus 
monomer concentration relationship, monomer concentration versus 
time curves for each reaction was obtained. The initial reaction 
rate of polymerization was then the slope of the tangent to the 
3.4.2 
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monomer concentration versuS time curve at zero time, Figure 
3.5. 
An example of this procedure is here included for the 
polystyrene/styrene reaction. Appendix B contains the detailed 
measurements taken for the styrene/polystyrene solution reac-
tions. 
Reaction in which increase in viscosity is obtained by the 
introduction into a monomer, a preformed polymer of a different 
monol)ler. (For example, the reaction of methylmethacrylate mono-
mer in the presence of introduced polystyrene and the reaction 
of methylmethacrylate in the presence of introduced polyvinyl 
acetate). 
To obtain the density variation with conversion, low con-
centration (about 1-3%) of the polymer type to be formed is 
introduced into the solution. For example, in the reaction of 
methylmethcrylate monomer in the presence of polystyrene, the 
reaction is monitored through the density versus monomer concen-
tration curve obtained by adding polymethylmethacrylate to the 
solution. Comparability requirements of polystyrene and 
polymethylmethacrylate in methylmethacrylate that could be 
formed or added to about 7% of the monomer present without.phase 
separation or clouding. The total conversion in the polymerization 
reactions was about 3% and the final solution of the two polymers 
in the monomer is still a homogeneous solution. 
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GRAPH OF MONOMER CONCENTRATION VERSUS TIME FOR DETERMINING 
INITIAL RATE OF REACTION 
• 
20 40 60 so 
Time (mins) 
PRECIPIATION CURVE FROM 125 mls OF ACETONE SOLUTION OF 
POLYSTYRENE AND POLYMETHYL METHACRYLATE 
Polymethyl methacrylate 
Polystyrene 
~ ~ t-----------------------~------r------------------------=======~------~~~-----
0·0 lOO mls of methanol 500 mls of methanol/water (90/10) 
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TABLE 3.1 
Monomer Concentration and Density for Polystyrene/Styrene Solution 
at 50°C 
. 
Wt % Polystyrene Density of 
Added to Styrene Solution at 5ooc 
0.000 0.891 
I 
3. 217 
I 
0.896 
5.047 I 0.900 
9.737 0.907 
12.171 
I 
0.911 
16. 742 0.919 
19.931 0.924 
' ' I 
i 21.787 
I 
0.927 
i I 
' f 27.489 0.937 
34.948 0.949 
Reaction: 
Volume of reactor = 22.389 mls 
Diameter of capillary 0.074 cm 
2 
Volume change of reactor = ~ ~H cm3 4 
Wt% of polystyrene introduced= 21.787% 
Density at time t = 0 = 0.927 gm/cm3 
Monomer 
Concentration· 
c 
m 
Moles/lit 
8.575 
8.329 
8.200 
7.863 
7.683 
7.345 
7.100 
6.963 
6.520 
5.929 
Initiator concentration = 4.821 x lo-3 moles/litre 
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TABLE 3.2 
Change from Dilatometer's Readings to Concentration Change in Poly-
merization 
Reaction Change in Density of Mono mer 
Time, t min Height of Solution Concentration 
Capillary, liH 
' 
cm 
I 
0 0.00 0.9273 6.943 
4 0.40 0.9274 I 6.939 
' 
12 1.40 0. 9276 6.930 
35 4.30 0.9281 6.907 
64 8.00 0.9287 6.880 
93 11.80 0.9294 6.848 
l09 13.70 0.9298 6.830 
120 15.20 0.9300 6.821 
I 
J 
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3.5.0 POLYMER SEPARATION 
A number·of solvent/precipitant combinations were tried 
in the attempt to separate the two polymers present in the 
solution after the reaction is stopped. The following have 
been found to be an adequate separation procedure for the 
different polymer combinations. 
3.5.1 Polystyrene and Polymethylmethacrylate, Figure 3.6 
In cases where preformed polystyrene was introduced into 
methylmethacrylate and the reaction of the monomer performed, 
the final product consisted of polystyrene, polymethylmethacry-
late, methylmethacrylate monomer and probably some small quanti-
ties of copolymers. 
The basis for the solvent separation procedure is: 
a) polystyrene and polymethylmethacrylate are soluble in 
acetone, 
b) upon the addition of methanol to this solution, polystyrene 
precipitates out first and it takes a much greater quantity 
of precipitant to bring out the polymethylmethacrylate. 
125 mls of acetone (with 0.1% hydroquinol) is used to dissolve 
about 10 grams of the reaction mixture containing polystyrene, 
polymethylmethacrylate and methylmethacrylate monomer. lOO mls 
of methanol is then added to the solution slowly with stirring 
(for the control experiments quantities precipitated were obtained 
to give the precipitation curve). The precipitated polymer is then 
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centrifuged and the supernatant removed. The supernatant con-
tains polymethylmethacrylate. 500 mls of methanol/water (90/10) 
is needed to precipitate out the polymethylmethacrylate. 
3.5.2 Polyvinyl Acetate and Polymethylmethacrylate 
In reaction of methylmethacrylate with increased viscosity 
achieved by the introduction of preformed polyvinyl acetate, the 
final products included polyvinyl acetate, polymethylmethacry-
late, methylmethacrylate monomer and probably some small 
quantities of copolymers. 
The basis of the solvent separation is that polyvinyl ace-
tate is soluble in methanol while polymethyl methacrylate is 
not. 
The separation of polymethylmethacrylate from polyvinyl 
acetate is affected by introducing the reaction solution into 
excess methanol (containing about 0.1% hydroquinol to stop the 
reaction) with vigorous agitation. The polymethylmethacrylate 
precipitate is allowed to settle down. The polyvinyl acetate/ 
methanol solution is decanted to fresh excess methanol medium. 
This procedure is repeated four times within two weeks. Control 
experiments showed that the polyvinyl acetate is completely removed 
this way. For very viscous solutions, to avoid the occlusion of 
polyvinyl acetate in polymethylmethacrylate precipitate, the reac-
tion solution is first dissolved in benzene and the methanol prec±-
pitation procedure carried out as above. 
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3.5.3 Polyisobutylene and Polystyrene 
In reaction of styrene with increased viscosity achieved 
by the introduction of preformed polyisobutylene, the final 
product includes polyisobutylene, polystyrene, styrene monomer 
and probably some small quantities of copolymers. 
The basis of the solvent separation is that polyisbuty-
lene is soluble in n-hexane while polystyrene is not. 
The separation of polystyrene from polyvinyl acetate is 
affected by introducing the reaction solution into excess hexane 
(containing about 0.1% hy~roquinol to stop the styrene reaction) 
with vigorous agitation. A procedure involving repeated washing 
similar to Section 3.5.2 is then followed to obtain the poly-
styrene precipitate. 
3.6.0 MEASUREMENT OF MOLECULAR WEIGHT 
3.6.1 Viscometry 
The intrinsic viscosity of each polymer solution was deter-
nr e versus mined in an Ubbelohde dilution viscometer. A plot of ln 
C gave the intrinsic viscosity when extrapolated to zero concen-
tration. 
The viscosities of polymethylmethacrylate and polystyrene 
0 
were determined at 25 c. The viscosity of polyvinyl acetate was 
0 determined also in benzene at 30 C. 
From the intrinsic viscosity values, the number ~ average 
degree of polymerization (P ) was calculated. 
n 
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(75) For polymethylmethacrylate 
(76) For polystyrene 
. (77) For polyv~nyl acetate 
P = 2.570 x 103 [n] 1 •45 
n 
The intrinsic viscosity of the precipitated polymers are 
reported in Appendix D. 
For reactions in which polymethylmethacrylate was intra-
duced into methylmethacrylate monomer, there was no means of 
separating the introduced polymer from that just formed. The 
reactions were allowed to go to about 5% conversion so as to 
have an appreciable amount of new polymers. To obtain the 
intrinsic viscosity of the newly formed polymer, a method used 
by Schulz et al (79 ) was adopted. The combined intrinsic viscosity 
was determined, [n]t 1 and the intrinsic viscosity of the newly ota 
formed polymer [n] was calculated by means of the following 
new 
equation: 
[n] = [n]total - (Wold x (n]old) 
w 
new 
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where W ld and W are the weight fraction of the introduced o new 
preformed polymethylmethacrylate and that of the polymer formed 
by the methylmethacrylate solvent reaction respectively. 
[n]total ' [n]old and [n]new are the intrinsic viscosities 
for the polymer mixture, the old introduced polymer and the 
newly made polymer respectively. 
3.6.2 Gel Permeation Chromatography 
The specifications of the liquid chromatography used for 
this analysis and the conditions of operations are in Section 
3.3.5. 
Chromatographic runs for those polymers obtained from reac-
tions which the polymer introduced and those formed by the solvent 
monomer reactions were the same (and so could not be separated) and 
were not resolved into distinct peaks of polymer population. 
Some of the polymethylmethacrylate precipitated out from 
reactions in which polystyrene was used as viscosity increasing 
agent showed a double peak. Chromatography for polymethylmetha-
crylate obtained from reactions in which polyvinyl acetate was 
used as viscosity increasing agent did not show this double 
peak however. 
FIGURE 3. 7 
7 .o . 
6. 
Log (Mw 
5.0 
4.0 
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Calibration curve for the Gel Permeation Chromatography 
used. Polystyrene standards were used to obtain this 
curve 
.. 
\ 
3.oL-------;--------r------~------~--------+-----------~--
.so.o 60.0 70.0 so.o 90.0 100.0 
Elution volume counts 
The columns comprise of four 71 cm sections of l x 104 ~' l x 105 ~. 
l x 106 ~ and l x 107 ~ Styragel packing 
CHAPTER 4 
EXPERIMENTAL RESULTS AND CALCULATIONS 
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4.1.0 INTRODUCTION 
The different viscosities at which monomer reactions were 
carried out, at 50°C, for each of the polymer/monomer solutions 
are presented here. 
Methylmethacrylate reactions were carried out in the presence 
of polystyrene, polyvinylacetate and polymethylmethacrylate. 
Styrene reactions were carried out in the presence of poly-
styrene and polyisobutylene. 
Vinylacetate reactions were carried out in the presence of 
polyvinyl acetate. 
For each polymer type added to the monomer and at specified 
molecular weight, the reactions of the monomers were carried out 
at three initiator concentrations at the different viscosities or 
weight percent of polymer added. 
The termination rate constants for these reactions· are 
reported. 
For vinylacetate reactions however, due to the fact that 
the propagation 
kt 
the ratio 
k 2 
p 
rate constant, k changes markedly with viscosity, p 
are presented instead of Kt. 
Calcu'lated (equation 2.53) and experimentally obtained 
average degree of polymerization for polymer produced during the 
monomer reactions are presented. These were compared with what 
would have been the calculated values had a constant value of kt' 
which is equal to the ~ermination rate constant for pure monomer, 
been used. 
72 
4.2.0 METHYLMETHACRYLATE REACTIONS 
4.2.1 Reactions of methylmethacrylate in the presence of preformed 
polystyrene which has been used to increase the viscosity of 
reaction medium. 
A. The viscosity and corresponding weight percent of the three 
different molecular weights of polystyrene, at which methyl-
methacrylate reactions were carried out, were obtained from the 
viscosity graphs in Appendix C and presented in Table 4.1. 
TABLE 4.1 
Viscosity and Corresponding Weight Percent of the Three Different 
Molecular Weights of Polystyrene in Methylmethacrylate 
Viscosity Wt % of High Wt % of Medium Wt % of Low Mol. Wt (a) Ps Mol.Wt (b) Ps Mol. wt (c) Ps (]1/Cp) in MMA in MMA in MMA 
0.41 I 0.000 0.000 0.000 
3.90 I 4.675 7.307 10.000 I 
I 
15.60 
I 
9.128 I 13.344 18.521 
14.088 I 19.719 26.7 33 51.50 I 
I 
I· I I 132.30 ! 16.637 25.400 34.152 ! I 
340.00 23.235 I 32.820 41.94 7 
I 907.10 28.062 38.456 48.674 
I 1584.90 - 44.660 -I 
2860.00 34.280 I - -
3440.20 38.200 I - -
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a) For the 'high molecular weight polystyrene'; 
'(,re.. Avi.- Mol. Wt = 2. 5 77 x 105 . 
b) For the 'medium molecular weight polstyrene; 
c) For the 'low molecular weight polystyrene; 
6 · 7'1 X<o'+ 
Where the molecular weight values were obtained from the 
relation [n] = k' ma where k' = 1.03 x lo-4 and a= 0.74, with 
[n] being the intrinsic viscosity of the polystyrene in benzene 
B. For each of the methylmethacrylate solutions of the poly-
styrene, polymethylmethacrylate formation (that is monomer reac-
tion) was carried out at three initiator concentrations. 
Table 4.2 shows the reactions when the high molecular 
weight polystryene was added to methylmethacrylate. 
Table 4.3 shows the reactions when the medium molecular 
weight polstyrene was added to methylmethacrylate. 
Table 4.4 shows the reactions when the low molecular weight 
polystyrene:was added to methylmethacrylate. 
c. Variation of kt with viscosity. 
From equation 2.18, the termination rate constant for the 
reaction is given by 
f kd [I][m) 2 k 2 p 
R 2 
p 
D. 
E. 
F. 
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For these calculations fkd and kp values were taken as constant. 
(Sections 2.6.3 and 2.6.4) and the values used are presented in 
Appendix A. Tables 4.5, 4.6 and 4. 7 give these values of k.t 
from calculations from the reaction data in Section B. 
The log-log plot of the rate of reaction, R versus the p 
initiator concentration [I] at constant monomer concentration 
gives the kinetic order with respect to the initiator, n. 
R a [I] n. The variation of exponent n with viscosity is presen-
P 
ted in Tables 4.5, 4.6 and 4.7 for the reaction of methylmethacry-
late in the presence of polystyrene. It will be noticed that n 
varied between 0.5 and 0.3. 
It was observed that the termination rate constants were not 
equal for the three different initiator concentrations used for a 
given viscosity and molecular weight of introduced polymer. The 
variation of kt with respect to initiator concentration [I] was 
therefore obtained by taking the gradient of the log-log plot of 
kt versus [I]. kt a [I] S. The values of S obtained from the 
reaction data in Section Bare included in Tables 4.5, 4.6 and 
4.7. 
A comparison is now made between the average degree of 
polymerization calculated from the reaction data with those obtained 
from the measured intrinsic viscosity of the separated polymethyl-
methacrylate. 
I 
i 
TABLE 4.2 
Reaction Data for Methyl Methacrylate in the Presence of High Molecular Weight Polystyrene at Three Initiator 
Concentrations 
I A B c Percent I Solution Solution Concen-
Poly- I Density Viscosity tration [I]x103 R x105 (I] xl03 I R xl0
5 [IJxlo3 R x1o5 styrene Qn JJ/C p of MMA, p p p Added I p . [m) moles to MMA cm3 moles moles moles moles moles 
moles litre 1it.sec litre 1it.sec. litre 1it.sec 
litre 
0.000 0.920 0.410 9.912 5.009 8.250 20.373 16.800 60.081 28.719 
4.675 I 0.924 3.900 8.800 5.103 6.270 19.068 12.350 59.954 22.265 
I I 9.128 0.930 15.600 8.439 5.261 5.133 20.129 11.031 59.876 20.356 
I 
14.088 
\ 
0.935 51.500 8.027 5.096 4.376 19.832 9.157 59.994 16.558 
18.637 I i 0.942 132.300 7.655 4.962 4.330 20.053 8.448 60.062 14.047 
23.235 0.950 340.000 7.285 5.012 4.951 20.011 8.830 59.981 13.965 
28.062 0.954 907 .lOO 6.848 4.976 6.070 19.865 10.773 60.277 15.631 
34.280 0.963 2860.000 6.321 5.001 7.952 19.960 14.250 59.981 21.100 
38.200 0.969 3440.200 5.981 5.010 9.130 20.011 16.700 60.152 25.351 
. 
TABLE 4o 3 
Reaction Data for Methyl Methacrylate in the Presence of Medium Molecular Weight Polystyrene at Three Initiator 
Concentrations 
' i A I B ' I c ' 
I 
Percent Solution Solution Cone en- (I]x10 3 R xlo5 [I]x103 R x105 ['I] xlo3 R x105 
I Poly- Density Viscosity tration p p p ' 
I styrene \1/Cp of MMA[tn] moles moles l'loles moles moles moles I ---
I Added 
i Gm moles litre litre litre litre litre litre 
to MMA p cm3 litre ! 
I I OoOOO i Oo920 Oo410 9o912 5o009 8o250 20o373 16o800 60o081 28o 719 
7o307 Oo928 3o910 8o595 4o426 6o672 20o044 13o810 60ol33 23o430 
13 0 344 I Oo938 15o600 8o116 5o030 5 o529 20ol69 10o080 60o087 19o335 
·19o 719 Oo947 51.490 7 o590 4o987 4o968 20o003 9o821 59o799 16o810 
25o400 Oo957 132o270 7 ol34 5o015 6o671 20o053 11o712 60o061 17o423 
32o820 Oo965 340o000 6o476 5o047 11.564 19 0 720 18o303 59o910 24o903 
38o456 Oo972 907 o070 5o977 5o008 15o922 20o185 26o276 60o 763 33o532 
44o660 Oo980 1584o890 I 5o343 5o003 20o350 20o018 34o600 59o998 42o650 
..., 
"' 
TABLE 4.4 
Reaction Data of Methylmethacrylate in the Presence of Low Molecular Weight Polystyrene at Three Initiator 
Concentrations 
' A I B c I Percent Solution Solution Cone en-
Poly- Density Viscosity tration [I }x103 R x1o5 [I}x103 R x105 [rJxlo3 R ><105 
styrene of MMA, p p p 
Added Gm rep (m] moles moles moles moles moles moles p - ---to MMA 
cm3 moles litre litre litre litre litre litre 
litre 
0.000 0.920 0.410 9.912 5.009 8.250 20.373 16.800 60.081 28.719 
10.000 0.931 3.910 8.375 5.067 5.730 20.052 ll. 431 60.066 20.780 
18.521 0.945 15.600 7.689 5.086 5.275 20.162 10.420 60.013 17.902 
26.733 0.957 . 51.490 7.002 5.077 7.130 19.914 10.616 60.021 17.127 
34.152 0.966 132.270 6.351 5.025 9.860 20.100 15.694 60.257 21.980 
41.947 0.979 340.000 5.687 4.920 13.648 - - 59.999 34.918 
48.674 0.988 907.070 5.063 4.903 16.720 20.007 32.177 60.148 53. 7!0 
. 
TABLE 4.5 
Variation with Viscosity.' of kt' n and S for methylmethacrylate reaction in the presence of hi.gh molecular weight 
polystyrene 
I k x lo-7 Percent Solution Volume Kinetic t 
. 
Polystyrene Viscosity Fraction Order I I . 
[IJ=6ox103 I Added to JJ (C~) of n [I]~5x103 ' [I] ~2ox103 s MMA Polystyrene w.r.t. 
moles moles moles Added Initiator litre litre litre 
I 
I 0.000 0.410 I 0.000 0.50 2.425 2.379 2.400 -I I 4.695 3.900 ! 3.702 0.52 3.920 3.776 3.653 -I i 
9.128 I 15.600 7.317 0.57 5.546 4.595 4.013 -
' 
14.088 ! 51.500 11.403 0.54 6.687 5.943 5.499 -I I 
18.637 
I 
132.300 15.241 0.47 6.048 6.421 6.957 0.06 
23.235 340.000 19.187 0.43 4.232 5.312 6.366 0.16 
: 
28.062 I 907 ,lOO 23.442 0.38 2.470 3.131 4.512 0.24 
I ! 
I 2860.000 ! 28.125 o. 39 2.099 0.21 34.280 I 1.233 1.532 I 
I 
38.200 3440.200 31.638 0.42 0.839 1.001 l. 306 0.17 
. 
. 
...., 
()) 
TABLE 4.6 
Variation with Viscosity of kt, n and a for methylmethacrylate Reaction in the Presence of Medium Molecular Weight 
Polystyrene 
I k " 10-7 Percent Solution Volume t Polystyrene I Kinetic I Viscosity Fraction Order [I]=5xl03 [I]=20xlo3 [I]=60xlo3 a Added to I 
MMA i 1l (Cp) I 
of Polysty- n 
moles moles moles 
I rene. Added wrt Initiator litre litre litre 
0.000 0.410 0.000 0.50 2.425 2.379 2.400 
-
7.307 3.910 5.835 0.49 2.865 3.028 3.156 
-
.. 
13.344 15.600 10.785 0.50 4.227 5.099 4.129 
-
19.719 51.490 16.181 0.50 4.540 4.659 4.755 0.20 
25.400 132.270 21.086 0.39 2.237 2.902 3.927 0.22 
32.820 i 340.000 27.733 0.31 0.617 0.963 1.580 0.33 I 
38.456 ' 907.070 32.885 0.31 0.275 0.407 0.753 0.30 
44.660 1584.890 37.408 0.30 0.139 0.186 0.367 0.28 
-- ----------
TABLE 4. 7 
Variation with Viscosity of kt' n and S for methylmethacrylate Reaction in the Presence of Low Molecular Weight 
Polystyrene 
Percent Solution Volume Kinetic kt x w-7 
Polystyrene Viscosity Fraction Order 
Added to )J (Cp of n UJ=5x10-3 UJ=20x10-
3 [l]=60x10-3 a MMA Polystyrene w.r.t. 
moles moles moles Added Initiator litre litre litre 
i 
0.000 0.410 I 0.000 0.50 2.425 2.379 2.400 -
I 
' 
10.000 3.910 i 8.017 0.52 4.226 4.197 3.801 -
18.521 15.600 15.136 0.50 4.216 4.285 4.315 -
26.733 51.490 
I 
22.284 0.36 1.910 3.380 3.917 0.30 
34.152 132.270 28.907 0.32 0.631 0.849 1.963 0.21 
I I 41.947 340.000 I 36.141 0.38 0.332. - 0.619 0.25 I 
' 
48.674 907.070 
I 
42.658 0.47 0.175 0.193 0.208 0.10 
CD 
0 
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Calculated values of average degree of polymerization is· 
obtained by use of equation 2.63. 
(2$3) 
where PRT is the contribution to chain ending due to primary 
radical termination, given by 
k k R 2 
PRT = ....J;.P::;rc.:t:._.:;t:._eP_ 
ki kp3 [m]4 
(2.§5) 
For the primary radical termination contribution to be estimated, 
k Prt h 
-- as 
ki 
to be.known. These values are obtained by use of Bamford's 
equation relating rate of polymerization to initiator concentration. 
Equation 2.52: 
l k 
k ~ 
l · prt t ( 2 .5"2) = + 
(fk >" [rJ" R K [m]2 k. [m] p kp p ~ d 
k " l _1_ gave a slope equal to t and an A plot of 
(fk >" Rvs [rJ" k [m] p p d 
intercept of 
k prt 
k [m] 2 k. 
Since the initiator concentrations were 
p ~ 
varied at constant monomer concentrations, m is constant, also with 
k 
__.!?E! d constant values of kp and fkd both ki an k:t could be obtained. 
To avoid confusion at this average value of termination rate 
constant with those obtained in Section c, we represent it as kt'. 
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Hence contribution to chain ending due to each of the components 
on the right hand side of equation 2.63 were obtained to give a 
calculated value for the degree of polymerization. 
The intrinsic viscosity of the polymethylmethacrylate which 
was separated out after the reaction are reported in Appendix D. 
The average degree of polymerization of the polymer is 
obtained by the use of the relation 
'Pl = 2.81 x 103 [n]1.32 
n 
These are presented with the calculated values in Tables 4.8, 
4.9 and 4.10 for the reaction of methylmethacrylate in the presence 
of high molecular weight polystyrene at initiator concentrations 
of '1.5 X 10-3 moles/litre; '1.20 X 10-3 moles/litre and "'60 X 10-3 
moles/litre respectively. 
Tables 4.11, 4.12 and 4.13 are for the reaction of methyl-
methacrylate in the presence of medium molecular weight polystyrene 
at initiator concentrations of "'5 x lo- 3 moles/litre, "'20 x 10-3 
moles/litre and '1.60 x lo-3 rnoles/litre respectively. 
Tables 4.14, 4.15 and 4.16 are for the reaction of methyl-
methacrylate in the presence of low molecular weight polystyrene 
at initiator concentrations of "'5 x lo- 3 moles/litre; "'20 x lo-3 
moles/litre and "'60 x lo-3 moles/litre respectively. 
The last column of each set of data represent the calculated 
average degree of polymerization based on a constant value of 
Tl\BLE 4. 8 
Calculated and Experimentally Obtained 1/P For Reactions of Methyl Methacrylate in the Presence of High Molecular Weight 
Polystryene at 5 x 10- moles Initiator nconcentration 5 litre· 1/P xlO Calc. EX_Ilt. Calc (a) n 
Visc I k Termi- cl:l .l.,ws Wt % PS 105R k 'xlo-7 ~w-7 c PRT Total Total ()l/C p ! p t k, nation m T[m] p J. 
I n 
I 
I 
0.000 
I 
0.410 8.250 2.441 0 9.537 1.00 0 0 10.537 9. 780 9.780 
4.675 3.900 6.270 4.040 0 13.085 1.00 0.353 0 14.438 11.570 9.259 I 
9.128 15.600 I 5.133 
I 
6.329 0 18.246 1.00 o. 728 0 19.974 14.590 8.765 
14.080 51.500 ' 4.375 7.259 0 19.720 LOO 1.200 0 21.902 16.330 8.831 I I 
18.637 132.300 I 4. 330 I 5.698' 1.993 16.842 1.00 1.680 0.496 20.018 14.770 10.108 I 
I 
23.235 340.000 
I 
4.951 3.449 5.354 112.870 1.00 2.220 1.286 17.376 10.470 13.239 
I 
28.062 907.100 6.070 1.831 5.310 I 9.480 1.00 2.890 1.303 14.673 8.700 18.265 
34.280 2860.000 7.950 0.950 3.049 I 7.561 1.00 3.912 0.917 13.390 
- 26.696 
38.200 3440.200 9.130 0.681 1.928 6.953 1.00 4.636 0.684 13.273 
- 33.010 
a) Calculated 1/Pn when kt' is equal to. the monomer reaction constant. 
ro 
w 
. 
------ ---------------------------
TABLE 4.9 
Calculated and Experimentally Obtained 1/P for Reactions of Methy1methacrylate in the Presence of High Molecular Weight 
Polystyrene at 'V20 x lo-3 moles Initiatorn Concentration 
lit 
-x 10 Ca1c Expt. Calc p 
1 5 {o.) 
' 
! Vi se 
1o-7kprt Termi- ill 2- x1o5 Wt % PS ' l05R 10-ht· c PRT Total Total (~/Cp) p nation m CT[m] ' p I ki n 
I 
0.000 0.410 16.800 2.441 0 19.422 l.Ol 0 0 20.422 20.460 20.422 
4.675 3.900 ' 12.350 4.040 ·a 25.772 1.00 0.353 0 27.125 20.676 16.925 
9.128 15.600 11.031 6.329 0 39.212 1.00 0.728 0 40.940 24.130 16.852 
14.080 51.500 9.157 7.259 0 41.265 l.OO 1.200 0 43.465 26.250 16.076 
I 
18.637 I 132.300 8.448 5.698 1.993 32.859 l.OO 1.680 1.888 . 37.427 23.501 17.566 
I 
I 
23.235 340.000 8.830 3.449 5.354 22.954 l.OO 2.220 4.090 30.264 17.160 22.360 
28.062 907.100 10.773 1.831 5.310 16.825 1.00 2 • .890 4.105 24.820 - 31.793 
34.280 2860.000 14.250 0.950 3.049 13.553 1.00 3.192 2.947 21.412 - 47.308 
38.200 3440.200 16. 700 0.681 1.928 12.717 l.OO 4.636 2.289 20.642 - 59.427 
. 
I 
TABLE 4.10 
Calculated and Experimentally Obtained 1/P For Reactions of Methylmethacrylate in the Presence of High Molecular Weight 
n 3 moles polystyrene at ~60 x 10- lit Initiator Concentration 
~x 105 Calc Expt Ca1c (o.) 
. Pn 
1 
' ! ' I I i k I I Viscosity Jlo5R 10-7~ Termi- eN 1 Wt% PS I ' lo-7k • c PRT Total 105 Total ( ~/Cp) p I t k. natiOn m T[m] -i ~ p 
I I n 
! I -i I I o.ooc 0.410 28.719 2.441 0 33.201 1.00 0 0 34.201 30.120 34.201 
4.675 3,400 22.265 4.040 0 46.463 1.00 o. 353 0 47.816 34.290 29.426 
I 
9.128 15.600 20.356 6.329 0 72.312 1.00 o. 727 0 74.089 38.570 29.636 
14.080 51.500 16.558 7~259 0 74.618 1.00 1.200 0 76.818 40.030 27.292 
18.632 132.300 14.047 5.698 1.993 54.634 1.00 1.680 5.220 62.534 43.420 28.321 
23.235 340.000 13.965 3.449 5.354 36.302 l.OO 2.220 10.229 49.751 43.860 36.152 
28.062 907.100 15.631 1.831 5.310 24.412 1.00 2.890 8.642 36.941 39.670 47.866 
34.280 2860.000 21.100 
I 
0.950 3.049 26.007 1.00 3.912 6.462 31.381 
- 88.340 
I 
38.200 3440.200 25.351 i 0.681 1.928 19.304 1.00 4.636 5.275 30.215 - 93.738 
. 
CD 
U1 
c----------- -- - -
I 
I 
I 
! 
I 
' 
I 
I 
r 
i 
I 
I 
: 
I 
I 
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TABLE 4,11 
Calculated and Experimentally Obtained 1/P for Reactions of Methy1methacrylate in The Presence of Medium Molecular 
n 
. _3 moles We1ght Polystyrene at ~s x 10 1 . Initiator Concentration . 1tte 1 5 
.=-xlo I Calc Exp Calc (c•) Pn 
k 
Wt % PS ViscoSity 105R lo- 7k • w-7--EE!. Termi- c [r.] Total 105 1 (~/Cp c -- PRT - Total p t k. nation m T[m] -1 p 
n 
o.ooo 0.410 8.250 2.442 0 9.537 LOO 0 0 10.539 9.780 10.537 
7.307 3.910 6.672 2.752 1.129 9.942 LOO 0.570 0.203 11.715 13.560 10.569 
13.344 15.600 5.529 4.110 1.404 13.799 1.00 1.118 o. 325 16.242 17.190 10.507 
19.719 51.490 4.968 4.448 0.608 15.344 LOO 1. 793 0.161 18.298 20.150 11.302 
25.400 132.300 6.671 1.680 5.111 8.809 1.00 2.490 1.180 13.479 11.840 17.963 
32.820 340.000 11.564 0.350 4.495 3.860 LOO 3.608 0.957 9.425 10.630 38.203 
38.454 907.070 15.922 0.153 2.805 2.728 1.00 4.643 0.682 9.053 8.970 60.047 
44.660 1583.890 20.351 0.076 1.688 2.165 LOO 6.136 0.521 9.822 - 93.406 
TABLE 4.12 
Calculated and ExperimentallyObtained 1/P for Reactions of Methy.lcry1ate in the Presence of Medium Molecular 
n 
2 -3 moles I . . t. Weight Polystyrene at ~ Ox 10 ---. --- n~t~ator Concentra ~on lJ.tre 
--X 10 l 5 
plrt 
Viscosity k Termi- N Wt % PS 105R 10-7k ' 10-7....EE!. c eT ( \1/C p) p t k. nation m [m] 
l. 
o.ooo 0.410 16.800 2.442 0 19.422 LOO 0 
7.307 3.910 13.810 2.752 1.129 20.578 1.00 0.510 
: 
13.344 15.600 10.080 4.110 1.404 25.158 1.00 1.118 
19.719 51.490 9.821 4.448. 0.608 30.332 1.00 1. 793 
25.400 132.300 11.712 1.680 5.111 15.464 1.00 2.490 
32.820 340.000 18. 303 0.353 4.495 6.110 LOO 3.608 
38.456 907.070 26.276 0.153 2.805 4.501 1.00 4.643 
44.160 1583.890 34.600 I 0.076 1.688 3.390 1.00 6.136 j 
Ca1c Exp 
.1_ PRT Total 105 p-
n 
. 
0 20.422 20.460 
0.869 23.017 22.748 
L08l 28.357 27.680 
0.628 33.753 26.530 
3.638 22.592 22.140 
2.397 13.115 16.667 
1.858 12 .002 17.832 
1.506 12.032 -
Calc t•) 
Total 
20.422 
20.541 
17.708 
19.790 
30.256 
63.458 
107.138 
164.452 
I 
'"I 
m 
TABLE 4.13 
Calculated and ExperimentallyObtained 1/P for Reactions of Methylmethacrylate in The Presence of Medium Molecular 
n 
. -3 moles We~ght Polystryene at <v60 x 10 ~ Initiator Concentration 
l 5 
-
X 10 Calc ("') Pn Calc Expt 
Viscosity k Termi- tl Wt % PS 10-SR lo-7k • 10-7..£E.!: c c 105 1 PRT Total - Total (~/CP) p t . k. nation m. T [m] -~ p 
n 
0.000 0.410 28.719 2.442 0 33.201 1.00 0 0 34.201 30.120 34.201 
7.307 3.910 23.430 2.752 1.129 34.914 1.00 0.570 2.500 38.984 40.080 34.769 
13.344 15.600 19.335 4.110 1.404 48.260 LOO 1.118 3.978 54.356 35.817 33.156 
19.719 51.490 . 16.810 4.448 0.605 51.917 1.00 1. 793 1.841 56.551 42.052 32.307 
25.400 132.270 17.423 1.680 5.111 23.005 1.00 2.490 8.050 34.545 35.640 48.631 
32.820 340.000 24.503 0.353 4.495 16.055 1.00 3.608 4.438 25.101 31.340 146.375 
38.456 907.070 33.532 I 0.153 2.805 6.263 1.00 4.643 3.025 14.931 25.934 153.887 
44.660 1583.890 42.650 I 0.076 1.688 4.511 1.00 6.132 2.288 13.935 225.595 
J 
I -! I 
TABLE 4.14 Calculated and Experimentally Obtained 1/P for Reactions of Methylmethacrylate in the Presence of Low 
n 
Molecular Weight Polystyrene at ~5 x 10-3 
Wt % PS Viscosity l05R l0- 7k ' (11/CJ?) p t 
I 
I 
I 0.000 0.410 8.250 I 2.442 
10.000 3.910 5.730 4.371 
18.521 15.600 5.275 I 4.168 
I 
26.733 5L490 7.130 I 1.208 I 
34.152 132.270 9.860 ! 0.482 
I 
I 
41.947 340.000 13.648 I 0.242 
48.674 907.070 116.720 0.162 
moles 
litre 
k 
w-7-l'.E!. 
k. 
~ 
0 
0 
0.326 
7.566 
4. 775 
l. 730 
0.304 
Initiator Concentration 
Termi-
nation 
9;537 
f'-4.360 
4.876 
7.022 
4. 713 
4.098 
4.227 
I 
' 
P"l xlos ----------..., 
n 
lrJ. c eT [m] PRT m 
. 
LOO 0 0 
LOO 0.810 0 
LOO L658 0.087 
LOO 2.678 L545 
LOO 3.840 LlOO 
LOO 5.363 0.600 
LOO 7.115 0.167 
Calc Expt 
Total 10s.l.. 
P" 
Total 
n 
10.537 9.780 10.537 
16.170 12.952 9.833 
17.621 15.380 1L425 
12.245 10.357 20.996 
10.653 6.095 34.291 
1L061 7.170 53.770 
12.509 
- 74.351 
- - -------------- --·---- -----------------:---------------------------------
TABLE 4.15 
Calculated and Experimentally Obtained 
3 moles Weight Polystyrene at ~20 X ro- litre 
Viscosity Wt % PS l05R ro-7k ' ( 11/Cp) p t 
I 
o.ooo I 0.410 16.800 2.442 
10.000 3.910 11.431 4.371 
18.521 15.600 10.420 4.168 
26.733 51.490 10.616 1.208 
34.152 '132. 270 15.694 0.482 
41.947 340.000 - -
48.674 907.070 132.177 0.162 
I 
' 
' 
1/P for Reactions of Methylmethacrylate in the Presence of Low Molecular 
n 
Initiator Concentration 
- Calc (•) Pn Calc Expt 
k· ~l lo-7 ....EE!:. Termi- c Total 105 l Total eT (m] PRT -k. nation m 
-J._ p 
n 
0 19.422 1.00 0 0 20.422 20.463 20.422 
0 28.487 1.00 0.810 0 30.297 23.952 17.725 
0.326 29.384 1.00 1.656 0.338 32.380 I 25.233 20.072 
7.566 10.454 1.00 2.678 3.425 17.557 18.481 31.735 
4.775 7.502 1.00 3.840 2. 7B8 15.130 11. 765 56.973 
- - - - - - -
-
0.304 8.134 1.00 7.150 0.620 16.904 - 138.601 
1.() 
0 
TABLE 4.16 
Calculated and Experimentally Obtained 1/P for Reactions of· Methylmethacrylate in the Presence of Low Molecular Weight 
n 
3 moles Polystyrene at ~60 x lo- ------ Initiator Concentration litre 
k Termi-Wt % PS Viscosity 105R lo-7k ' 10-7~ (p/C p p t k. nation 
l. 
0.000 0.410 28.719 2,442 0 33.201 
10.000 3.910 20.780 4.371 0 51.786 
I 
18.521 15.600 17.902 I 4.168 0.326 50.484 
26.733 51.490 17.127 1.208 7.566 16.875 
34.152 132.270 21.980 0.482 4. 775 10.506 
41.94 7 340.000 34.918 0.242 1. 730 10.484 
I 
I 
I 
I 48.674 907.070 53.710 0.162.1 0.304 u.s78 1 i 
c 
m 
1.00 
1.00 
1.00 
1.00 
l.OO 
1.00 
1.00 
Expt Calc (<.} Calc 
n 
cl!l l05.l.. PRT Total Total T [m]· -p 
n 
0 0 34.201 30.120 34.201 
0.810 0 53.596 36.563 30.742 
•1.658 0.997 54.139 42.248 30.164 
2.678 8.915 29.468 37.509 55.813 
' 
3.840 5.468 l 20.814 23.918 85.771 
5.363 3.929 20.776 22.056 151.803 
1.1so 1 l. 727 I 23.455 - 238.859 
' 
I 
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termination rate constant. 
G. The g-el permeation chromatograph of the separated polymethyl-
methacrylate is presented in Section 5.7. 
4.2.2 Reactions of methylmethacrylate in the presence of preformed 
polyvinyl acetate which has been used to increase the viscosity 
of the reaction medium. 
A. The viscosity and corresponding weight fraction of the high 
and low molecular weight polyvinyl acetate, at which methyl 
methacrYlate reactions were carried out, were obtained from the 
viscosity graphs in Appendix c and presented in Table 4.17. 
TABLE 4.17 
Viscosity and Weight Fraction of High and Low Mol. Wt. PVA in MMA 
Viscosity Wt. % of Wt. % of 
(p/C ]) High Mol. Wt. Low Mol. Wt. 
PVA in MMA PVA in MMA 
I 
0.41 
I 
o.ooo 0.000 I 
1.15 - 3. 219 
I '· ! 
i l. 32 
I 
- 5.058 
' i 1.86 
-
7.002 
' I 
I 3.91 3. 224 10.808 
' 
7.94 5.070 -
I 9.12 
I 
- 14.743 
15.60 6.979 18.521 I 
I 31.62 
-
23.414 I 
51.49 10.940 26.900 
132.30 14.837 34.147 
340.00 18.764 41.712 
I 
907.00 23.428 -
1584.90 26.245 -
B, 
c. 
93 
tn, (Pc•-t Oor?Ft'.J•1-t) 
For 'high molecular weight PVA'; Mol. Wt. = 2.505 X 105 
' 
2,_,1 9.f.ro1 
For 'low molecular weight PVA'; Mol. Wt. = 3.237 X 104 I 
5.26XIo/...l 
For each of the methylmethacrylate solutions of the poly-
vinyl acetate, polymethylmethacrylate formation (that is monomer 
reaction) was carried out at three initiator concentrations. 
Tables 4.18 and 4.19 show the reaction data when high and 
low molecular weight polyvinyl acetate respectively were added 
to methyl methacrylate. 
Variation of kt' n and '13 •with viscosity. 
By a procedure similar to Section 4.2.1, the following 
were calculated from the data of methylmethacrylate reactions 
in the presence of polyvinyl acetate, k , n and S defined as 
. t 
i) 
ii) 
Tables 4.20 and 4.21 show the variation of kt' n and S with vis-
cosity for methyl methacrylate reaction in the presence of high 
and low molecular weight polyvinyl acetate respectively. 
('2·12.) 
(2-z..q) 
I 
TABLE 4.18 
Reaction Data for Methylmethacrylate in the Presence of High Molecular Weight Polyvinyl Acetate at Three Initiator 
Concentrations 
I i i B c ' A Percent Solution 1 Solution Concentra-
Polyvinyl Density I Viscosity tion of f· [l]xlo
3 R x1o5 (IJx10s R x1o5 [l]x1o3 R xlO S 
Acetate Gm \l (Cp) Mljtl> [m] moles lfioles mOles lfioles nioles lfioles p- I mo s -- litre>~~ --Added to MMA cm3 
' 
litre litre!:ec. litre litre litre.Sb.:: 
I 
I 
' 
0.000 ! I 0.410 9.168 4.934 8.390 20.103 16.818 59.676 28.610 -
I I 3.224 ' 0.926 
I 
3.910 8.950 5.094 8.080 20.094 16.548 60.198 28.580 
5.070 0.930 7.940 8.821 5.024 20.040 16.350 30.000 I 8.010 60.290 I 
' 6.979 0.934 15.600 8.679 5.064 
I 
8.390 19.906 16.251 60.164 29.880 
' 10.940 0.944 51.490 8.395 5.100 8.090 20.086 16.178 59.802 27.220 
' 
! 
I 14.837 0.952 I 132.300 8.095 5.062 8.960 20.024 16.095 60.253 28.010 I 
' ' ' i 
18.764 0.960 I 340.000 7.789 4.988 9.600 20.049 16.910 59.993 30.500 
I 
; 
23.428 0.968 907.000 7.403 4.966 12.000 20.038 19.157 59.798 32.900 
I 
26.245 0.982 i 1584.900 7.232 4.980 j 15.620 20.051 27.170 I 59.811 43.470 
• 
----------------------------------------------------------------------------------
TABLE 4.19 
Reaction Data for Methyl Methacrylate in the Presence of Low Molecular Weight Polyvinyl Acetate. at Three Initiator 
Concentrations 
Percent Solution Solution Concentra ~ A B I c I 
Polyvinyl Density Viscosity tion of I 
Acetate Gm p(Cp) MMA, [m] [I) x103 R x105 I [I]xlo3 ! R x105 I [I] x1o3 R x1o5 p 
---:r ' ' 
· mgles i ' mgles mgles Added to moles moles 
' I moles I moles em --
' 
-- \ litre.s'ee... litre litreS'~ MMA 
' 
litre litre 
' 
litreJ\>c.. litre 
i l I I 
! I l 
0.000 i 0.920 I 0.410 9.144 4.911 8.360 20.004 16.780 59.998 28.930 I ' i I 
3.219 I 0.926 I 1.148 8.946 5.025 7.520 20.066 16.281 60.044 27.160 
5.058 0.929 1.318 8.812 5.088 7.380 19.971 15.195 59.949 26.970 
7.002 
I 
0.931 1.862 8.650 5.116 7.240 19.956 14.615 59.877 26.090 
•. 10.808 0.943 3.910 8.404 5.216 7.440 19.990 14.764 60.159 25.900 
14.743 0.949 9.120 8.082 4.926 7.420 19.969 14.767 60.137 26.550 
18.521 0.961 15.600 7.819 5.033 7.600 19.957 15.452 59.938 26.750 
23.414 0.974 31.623 . 7.448 5.034 8.020 20.043 15.950 59.959 27.500 
26.900 0.980 51.490 7.158 5.083 9.290 19.920 17.435 60.068 29.000 
I 
I 34.147 0.996 132.300 6.549 4.988 11.440 19.919 21.800 60.000 33.540 
l 
I 
i 41.712 1.019 340.000 5.931 5.076 18.090 
- - 60.003 53.700 i 
<D 
Ul 
TABLE 4.20 
Variation with Viscosity of k, nand a for methylmethacrylate Reaction infue Presence of High Molecular Weight. 
t . . 
Polyvinyl Acetate 
I I X 10-7 I I 
Percent Solution Volume Kinetic kt 
I Polyvinyl Viscosity 
' 
Fraction Order [Il-Sxlo-, [I)-20xl0 3 (I] -60xl0-3 a Acetate lJ(Cp) i of Polyvinyl- n I 
I Add~~"' to Acetate Added w.r.t moles ·moles luoles Initiator litre litre litre 
o.ooo 0.410 0 0.50 2.298 2.330 2.390 -
i 
3.224 3.910 2.551 0.51 2.438 2.292 2.302 -I 
. 
' 
5.070 7.940 I 4.032 0. 51 2.376 2.275 2.033 -
6.979 15.600 5.572 ! 0.51 ! 2.113 I 2.214 1.979 -
' I 
' 10.940 51.490 8.825 I 0.49 2.142 I 2.109 2.218 -
'i I 
14.837 132.300 12.069 0.47 1.612 i 1.976 I 1.963 0.15 
! I I 
18.764 340.000 15.396 0.46 1.281 ! 1.659 I 1.526 0.20 
' 
I I I [ I I 23.428 907.000 I 19.351 0.42 0.737 I 1.167 l 1.180 0.20 I 
' 
' I I i I 26.245 1584.900 22.071 0.41 0.416 I 0.554 0.646 0.18 
I I ; 
; I I i ; I 
TABLE 4.21 
Variation with Viscosity of kt' n and S for methylmethacrylate Reaction in the Presence of Low Molecular Weight 
Polyvinyl Acetate 
r Percent Solution Volume Kinetic kt x lo-7 i 
I Polyvinyl Viscosity Fraction of Order s I Acetate \l(Cp) Polyvinyl [1}"'5xlo-3 I [I}=20x10-3 1 [I] =60xlo-3 I n i Added to MMA , Acetate Added ~.r.t initiator niole'JI' l moles; moles.! 
H , ; __l' 
! 
0.000 0.410 0.000 0.50 2.298 2.330 2.390 -
. 
3.219 1.148 2.547 0.52 2.774 2.377 2.541 -
5.058 1.318 4.018 0.53 2.829 2.620 2.496 -
7.002 1.862 I 5.573 o. 52 2.848 2.727 2.567 -
I I 3.910 I 8. 715 0.51 2.470 10.808 I 2.596 2.526 -
' ' I 
14.743 
' 
9.120 11.959 0.51 2.279 2.333 2.173 
-
I 
18.521 I 15.600 15.209 0.51 2.078 1.993 1.997 -
I 
I 
23.414 31.623 
I 
19.486 o.so 1.693 1. 705 1. 715 0.01 
26.900 51.4990 22.540 0.46 1.177 1.310 1.427 0.08 I 
' 34.147 132.300 I 29.057 0.44 0.637 0. 701 0.892 0.13 I 
I 
I 
41.712 I 340.000 I 36.321 0.44 0. 213 - 0.286 0.12 i 
' 
' 
...i 
D. 
E. 
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A comparison is now presented between the calculated 
average degree of polymerization from reaction data and those 
obtained from the intrinsic viscosity measurements of the sepa-
rated polymethylmethacrylate which was formed during the 
monomer reaction. The calculations involved were done by a 
procedure similar to Section 4.2.l(F). 
Tables 4.22, 4.23 and 4.24. are the degree of polymerization 
calculations for the reaction of methylmethacrylate in. the presence 
of high molecular weight polyvinyl acetate at initiator concentra-
tions of ~5 x lo-3 moles/litre; ~20 x lo-3 moles/litre and 
~60 x lo-3 moles/litre respectively. 
Tables 4.25, 4.26 and 4.27 are the degree of polymerization 
calculations for the reaction of methylmethacrylate in the 
presence of-low molecular weight polyvinyl acetate at initiator 
concentrations of ~5 x lo-3 moles/litre, ~20 x lo- 3 moles/litre 
and ~60 x lo-3 moles/litre respectively. 
The Gel Permeation Chromatography of the separated polymethyl 
methacrylate are presented in Section 5.7. It will be noticed that 
these did not show a double peak characteristic of these when 
polystyrene was used as viscosity increasing medium. 
- - - - - - - - - - - - - - - ,- -
TABLE 4. 22 
Weight Polyvinyl Acetate at "vS x lo-3 
Calculated and Experimentally Obtained 1/Pn for Reactions of Methylmethacrylate in the Presence of High Molecular 
moles Initiator Concentration 
1/P X 105 Calc Expt Calc • 
n I 
( ) 
lwt ~ PVA I I I I ' . k ' Termi- ell ' 1 Visc. 105 R w-7 k • ! l0-7...E:! c PRT i Total I -x 105 i Total 
(JL) p ~ I ki nation m T [m) i I I p I Cp 
' i I I n I 
: I I I I i I I I I I 
' I I I ! I 0.000 0.410 8.390 2.442 0 9.750 LOO 0 0 10.750 9.880 I 10.750 I I I I I 
I 
I 
• 3.224 3.910 8.080 2.511 0 10.132 1.00 0.670 0 11.802 10.640 11.524 I 
5.070 7.940 8.010 2.515 0 10.356 1.00 1.075 0 12.431 11.180 12.130 
6.979 15.600 8.390 2.142 0 9.543 1.00 1.513 0 12.056 10.180 13.393 
10.940 51.450 8.090 2.122 I 0.141 9.743 1.00 2.566 0.032 13.341 9.300 14.815 I 
14.837 132.300 I 8.960 1.442 2.204 7.887 1.00 3.509 0.475 12.871 8.630 18.670 
18.764 340.000 9.600 1.143 I 2.046 7.235 1.00 4.653 0.468 13.356 7.430 22.110 
I I 
23.428 907.000 12.000 0.552 I 3.393 4.835 1.00 5.107 0. 718 11.660 6.080 30.673 I I 
126.245 1584.900 15.620 o. 331 j 1.911 3.955 LOO 7.183 0.451 12.589 5.050 40,689 i . 
a) Calculated 1/Pn when kt' is equal to the monomer reaction constant 
TABLE 4.23 
Calculated and Experimentally Obtained 
Weight Polyvinyl Acetate at ~20 x ·1o-3 
I Wt% PVA: 
0.000 
3.224 
5.070 
6.979 
10 •. 940 
14.837 
18.764 
23.428 
26.245 
Vi se 
(_]!_,) 
Cp 
0.410 
~.910 
7.540 
15.600 
51.490 
132.300 
340.000 
907.000 
1584.900 
16.818 l 2.442 
16.548 i 2.511 
16.350 2.515 
16.251 2.142 
16.178 2.122 
16.095 1.442 
16.910 1.143 
19.157 0.552 
27.170 0.331 
1/P for Reactions 
mo£e·s I •t· 
-1 -.- n~ ~ator J.tre 
of Methy1methacrylate in the Presence of High Molecular 
Concentration 
0 
0 
0 
0 
0.141 
2.204 
2.046 
3.393 
1.911 
Termi-
nation 
19.544 
20.750 
21.139 
c 
m 
1.00 
1.00 
1.00 
18.485 1.00 
19.484 1.00 
14.168 1.00 
12.743 1.00 
7. 718 1.00 
6.878 I 1.00 
1/P X 105 -------; 
n 
Calc Expt 
cl!l 
T [m] 
i 
i 
0 
0.670 i 
f. 1.075 l 
1.513 i 
PRT 
0 
0 
0 
0 
2.566 I 0.129 
: 
3.509 1.534 
4.653 1.453 
5.107 1.831 
7.183 i 1. 366 
Total 
20.544 18.350 
22.420 ! 19.110 
23.214 
20.998 
23.179 
20.211 
1
119.849 
15.656 
I 16.427 
I 18.a3o I 
18.230 
15.900 
17.110 
14.050 
10.110 
Ca1c (" l 
Total 
20.544 
21.850 
22.600 
23.587 
26.137 
31.100 
35.983 
48.351 
68.994 
... 
8 
l 
I 
- - -------------------------
TABLE 4.24 
Calculated and Experimentally Obtained 1/P for Reactions of Methylmethacrylate in the Presence of High Molecular 
- mol~s Weight Polyvinyl Acetate at ~60 x 10 3 l"t Initiator Concentration 
J. re 
1/P X 105 Calc Expt. Calc (<'\) 
n I 
Visc k 
cl!l % PVA 105 R 10-7 kt 10-7...£E! Termi- 1 105 I Wt (_!!._) c PRT Total -x Total p k. nation m T ·[m] Cp l. p 
n 
I 0.000 0.410 28.610 2.442 0 32.249 1.00 0 0 33.249 30.600 33.249 
3.224 3.910 28.580 2.511 0 35.837 1.00 0.670 0 37.507 30.900 36.522 
5.070 7.940 30.000 2.515 0 38.786 1.00 1.075 0 40.861 30.000 39.735 
I 6.979 15.600 29.880 2.142 0 33.987 1.00 1.513 0 36.500 33.400 41.260 
I 
i 10.940 51.450 27.220 2.122 0.141 32.783 1.00 2.566 0.356 36.705 29.400 41.702 
' I 
I 14.837 132.300 28.010 1.442 2.204 24.655 1.00 3.509 4.645 33.809 29.200 54.128 
' 
I 18.764 340.000 30.500 1.143 2.046 22.9885 1.00 4.653 4.725 33.366 23.900 64.855 
' I 23.428 507.000 32.900 0.552 3.393 13.262 LOO 5.107 5.400 24.769 17.100 88.666 
i 26.245 1584.900 43.470 
! 
0. 331 1.911 11.038 1.00 7.183 3.496 22.717 - 115.144 
I 
I 
i 
I 
TABLE 4.25 
Calculated and Experimentally Obtained 1/P for Reactions of Methylmethacrylate in the Presence of Low Molecular 
n 
Weight Polyvinyl Acetate at ~5 x 10-3 ~~les Initiator Concentration 
~tre 
1/P X 
n 
10 5 Calc Expt Calc(<t) 
I 
Visc. I k 1!1 Wt% PVA I 105 R w-7 kt ' lo-7 prt' Termi- _!_ xl05 (L) c PRT Total Total p 
ki I nation m eT [m] p Cp n 
0.000 0.410 ' ' 8.390 2.442 0 9.750 1.00 0 0 10.750 9.500 10.750 
' 
' 
3.219 1.148 I 7.520 2.923 0 11.112 1.00 0.619 0 12.731 9. 770 10.902 i 
5.058 1.318 I 7.380 2.998 0 11.322 1.00 0.992 0 13.314 9.950 11.214 ! 
7.002 1.862 
I 
7.240 3.249 0 11.604 LOO 1.391 0 13.995 10.480 11.113 
10.805 3.910 i 7.440 2.652 0 11.175 
I 
1.00 2.255 0 14.430 
- 13.545 
14.743 9.120 I 7.420 2.305 0 10.474 1.00 3.217 0 14.691 10.380 15.314 ' 
I 18.521 15.600 7.600 2.121 0 10.547 1.00 4.230 0 15.777 9.620 17.373 
I 23.414 31.623 8.020 1.684 0.010 9.739 1.00 5.687 0.028 16.454 8.400 20.850 
26.900 51.490 9.290 1.076 1.253 7.804 1.00 6.848 0.355 16.007 7.320 26.365 
34.147 132.300 11.440 I o. 552 1.260 5.889 1.00 9.649 0.396 16.934 5.260 38.453 
1 0.186 41.712 340.000 18.090 0.631 3.827 1.00 13.313 0.248 18.391 3.264 67.814 
' i 
I 
..... 
0 
"' 
i 
TABLE 4.26 
Calculated and Experimentally Obtained 1/P For Reactions of MethylmethacrYlate in the Presence of Low Molecular Weight 
n 
. _3 moles Polyv~nyl Acetate at ~20 x 10 -----1 .t ~ re 
I 
. 
Visc · 
105 R w-7k • Wt% PVA ( _ll_) p ! t Cp 
! 
0.000 0.410 16.818 2.442 
3.219 1.148 16.231 
i 2.923 
. 
5.058 1.318 15.195 2.958 
7.002 1.862 I 14.615 ! 3.249 
I ' 
10.808 3.910 14.764 2.652 
14.743 9.120 14.767 2.305 
18.521 15.600 15.452 2.121 
! 
23.414 31.623 15.950 1.684 
26.900 51.490 17.435 
I 
1.076 
34.147 132.300 21.800 0.552 
' 
I 41.712 340.000 - -i 
Initiator Concentration 
I 
I k 
' w-7...E!. Termi-
I . k. nation ~ 
0 19.544 
0 23.712 
0 22.880 
I 0 25.386 
I 0 22.176 
I 0 20.844 I 
I 
I 0 21.443 
I 0.010 19.368 I 
I 1.253 14.646 
1.260 11.223 
- -
1/P r X 10" Calc Expt Calc (A.) 
[T] 1 c PRT 105 c .Total -x Total 
m T [m] p 
n 
1.00 0 0 20.544 17.110 20.544 
LOO 0.619 0 25.331 - 21.429 
LOO 0.992 0 24.872 19.520 20.629 
1.00 1.391 0 27.777 19.110 21.472 
1.00 2.255 0 25.431 19.920 23.675 
LOO 3.217 0 25.061 17.580 26.300 
1.00 4.230 0 26.673 - 29.918 
1.00 5.687 0.109 26.164 16.770 34.931 
1.00 6.848 1.249 23.743 27.610 43.922 
1.00 9.649 1.438 23.310 - 66.61>0 
- - - - - -
t 
I 
' 
I 
.... 
0 
w 
TABLE 4.27 
Calculated and Experimentally Obtained 1/P for Reactions of Methylmethacrylate in the Presence of Low Molecular Weight 
n 
-3 moles Polyvinyl Acetate at ~60 x 10 -----1 .t 1 re 
Vi se Wt %PVA 105R l0-7k • 
(..E..) p t Cp 
0.000 0.410 28.930 2.442 
3.219 1.148 27.160 2.923 
5.458 1.318 26.970 2.998 
7.002 1.862 26.090 3;249 
10.808 3.910 25.900 2.652 
14.743 9.120 26.550 2.305 
18.521 15.600 26.750 2.121 
23.414 31.623 27.500 1.684 
26.900 51.490 29.000 1.076 
34.147 132.300 33.540 0.552 
41.712 340.000 53.700 0.186 
Initiator Concentratton 
1/P 
n 
k Termi-10-7~ c k. nation m 
1 
0 32.249 1.00 
0 39.680 1.00 
0 41.651 1.00 
0 45.316 1.00 
0 39.516 1.00 
0 37.476 1.00 
0 37.121 1.00 
0.010 33.393 1.00 
1.253 24.360 1.00 
1.260 17.267 1.00 
0.631 11.358 1.00 
X 105 Calc Expt. Calc ( ) " 
ill I 1 c I PRT I Total 
-x 105 Total 
T [m] I p 
I n 
I I 
0 I 0 33.249 30.250 33.249 
I 0.619 0 41.299 31.880 34.769 
0.992 0 43.643 32.790 35.919 
1.391 0 47.207 32.230 36.451 
2.255 0 42.771 - 39.642 
3.217 0 41.693 31.520 43.920 
i 
4.230 I 0 42.351 30.360 47.969 I 
5.689 I 0.235 40.405 28.380 55.584 
I 
6.846 I 3.455 35.661 70.973 I -
I 
9.649 I 3.403 31.319 16.450 102.091 
' 13.316 ! 2.188 27.862 9.070 192.162 , 
' , . 
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4.2.3 Reactions of methyl methacrylate in the presence of preformed 
polymethyl methacrylate which has been added to increase the 
viscosity of the reaction medium. 
A. The viscosity and corresponding weight fraction of polymethyl-
methacrylate at which methyl methacrylate reactions were carried 
out, were obtained from the viscosity graphs in Appendix C and 
presented in Table 4.28. 
TABLE 4.28 
Viscosity and Corresponding Weight Percent of PMMA in MMA 
Viscosity Wt.% of Polymethyl-
()l/C ,p) methacrylate in MMA 
0.410 0.000 
2.20 5.047 
7.67 10.611 
23.12 15.210 
65.22 20.149 
250.00 i 24.757 ! 
1470.90 29.900 
3685.53 I 34.600 
I 
22050.00 I 39.380 
The molecular weight of the preformed polymethyl methacrylate 
"'' " ::. I. 3 2.. no" 
?o>--tMv(i!.f,~1 .,. 1-S£5 
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B. For each of the methyl methacrylate solutions with preformed 
polymethyl methacrylate added, monomer reactions were carried 
out. Table 4.29 gives these reaction data at three initiator 
concentrations. 
c. The variation of kt, n and S with viscosity for these reac-
tions are reported in Table 4.30. 
D. The newly formed polymethyl methacrylate and the introduced 
polymethyl methacrylate could not be separated. The intrinsic 
viscosities of the newly formed polymethyl methacrylate were 
(79) 0 
obtained, however, by the use of Schulz equat~on presented 
in Section 3.6.1. The calculated and measured degree of poly-
merization of the polymers formed are presented in Tables 4.31, 
4.32 and 4.33 for the methyl methacrylate reactions at ini~iator 
concentrations of ~5 x lo- 3 moles/litre, ~20 x lo-3 moles/litre 
and 60 x lo-3 moles/litre respectively. 
E. Gel Permeation Chromatography did not distinguish between 
these two populations of polymers. 
I 
I 
I 
I 
I 
I 
I 
I 
TABLE 4.29 
Reaction Data for Methyl Methacrylate Reaction in the Presence of Polymethylmethacrylate at Three Initiator 
Concentrations 
I Solution Solution A B I c Percent I Concen-
Poly- I Density Viscosity tration {Ij J<103 
I 
I liJ x103 R x105 R x1o5 [IJ x1o3 R x105 methyl G of MMA, p p p 
I m ~ (C ) Metha- p - p I (mJ ' moles moles moles moles moles moles cry late ! cm3 -- -- --litre lit.sec Lit lit.sec I litre lit.sec Added I moles 
' to MMA litre 
0.000 0.918 I 0.410 9.168 4.934 8.390 20.103 16.818 ' 59.676 28.610 
I I 5.047 0.929 2.200 8.812 5.067 7.725 19.880 15.689 60.191 26.661 I 
10.611 0.945 I 
' 
7.670 8.434 5.020 8.097 20.379 15.430 I 59.956 25.798 
15.210 0.958 23.120 8.113 5.093 9.060 20.009 15.856 60.019 25.727 
20.149 0.970 65.220 7.737 5.019 10.816 20.064 19.294 59.874 28.837 
I 
I 
24.75 7 0.979 250.000 7.358 4.966 13.770 20.008 I 23.600 59.997 34.805 ~ 
I 29.900 0,998 1470.900 6.986 5.021 17.700 20.010 30.100 59.961 43.700 
34.600 1.011 3685.530 6.606 5.023 21.910 20.008 36.610 59.965 53.100 
. 
39.380 1.027 22050.000 6.215 5.011 26.900 20.012 43.400 59.992 64.461 
TABLE 4.30 
Variation with Viscosity of kt' n and S for Methylmethacrylate Reaction in the Presence of Polymethylmethacrylate 
Percent Volume Kinetic k x 1o-7 
Polymethyl- Solution Fraction Order of Rate t 
methacrylate Viscosity of PMMA with respect [I] =5xl03 [I]=20xlo3 fr1=6oxw3 fl 
Added to MMA ll (Cp) Added to initiator mo.t.es/lit mc:>.L es/ lit moies/lit 
0.000 0.410 0.000 0.50 2.298 2.330 2.390 -
5.047 2.200 4.008 0.50 2.571 2.446 2.564 
-
10.611 7.670 8.689 0.47 2.124 2.374 2.499 0.07 
15.210 23.120 12.454 0.42 1.593 2.043 2.328 0.16 
20.149 65.220 16.706 0.40 1.002 1.259 1.682 0.21 
24.757 250.000 20.718 o. 37 0.553 0.739 1.047 0.26 
29.900 1470.900 25.504 0.37 0.306 0.424 0.598 0.27 
34.600 3685.530 29.898 0.36 0.178 0.260 0.363 0.29. 
I 39.380 22050.000 34.567 0.35 0.104 0.160 0.224 0.30 I 
r I 
I 
1-' 
0 (X) 
I 
I 
! 
I 
I 
TAilLE 4.31 
Calculated and Exper~mentally Obtained 1/Pn for the Reactions of Methylmethacrylate in the Presence of Polymethyl-
methacrylate at ~5 x 10-3 
Visc. 
Wt % PMMA ( ...\!.._) l05R p Cp 
. 
0.000 0.410 8.390 
5.047 2.200 7. 725 
10.611 7.670 8.097 
15.210 23.120 9.060 
20.149 65.220 10.816 
24.757 250.000 13.770 
29.900 1470.900 17.700 
34.600 3685.530 21.910 
39.380 F2o5o.ooo 26.900 
moles 
---- Initiator Concentration litre 
I . 
K Termi-
lo-7k • l0-7..2E!: nation t k. 
l 
2.441 0 9. 746 
2.596 0 10.330 
1.963 1. 784 8.938 
1.306 3.602 7.191 
0.775 3.336 5.601 
0.395 3.079 4.019 
0.213 2.288 3.090 
0.121 1.786 2.430 
0.068 1.410 1.903 
1/i? 
n 
x105 
.ttl c c 
m 
. T (m] 
1.00 0 
1.00 0.136 
1.00 0.304 
1.00 0.460 
LOO 0.645 
1.00 0.843 
. 1.00 1.090 
1.00 1.353 
LOO L663 
a) Calculated 1/P where k ' is equal to the monomer reaction constant 
n t 
Calc' Expt Calc 
(o.) 
PRT Total .l.. xlo5 Total 
p 
n 
0 10.746 9. 780 10.746 
.0 11.466 9.751 10.849 
0.363 10.605 9.826 12.870 
0. 713 9.364 8.228 16.233 
0.675 7.921 8.944 21.412 
0.629 6.491 - 30.567 
0.513 5.693 - 43.381 
0.436 5.219 
- 60.170 
0.374 4.930 -. 84.401 
I 
! 
' 
' 
I 
TABLE 4.32 
Calculated and Experimentally Obtained 1/P for the Reactions of Methylmethacrylate in the Presence .of Polymethy-
n 
methacrylate at ~20 x lo-3 moles Initiator Concentration litre 
1/Pn X 105 Ca1c Ex_Q_t Calc(o.\ 
Vis c. k Termi- ltl Wt% PMMl ( .1'...) l05R lo-7k ' 10-7__12E! nation c eT [m] PRT Total 1:..,105 . Total p t k. m p Cp ~ n 
o.ooo 0.410 16.818 2.441 0 19.536 1.00 0 0 20.534 20.460 20.536 
5.047 2.200 15.684 2.596 0 20.980 1.00 0.136 0 22.116 17.768 20.863 
10.611 7.670 15.430 1.963 1. 784 17 .034 1.00 0.304 1.318 19.656 17.159 24.125 
15.210 23.120 15.856 1.306 3.602 12.584 1.00 0.460 2.184 16.228 17.207 29.062 
20.149 65.220 19.294 o. 775 3. 336 9.992 1.00 0.645 2.149 13.786 11.547 39.885 
24.757 250.000 23.600 0.395 3.079 6.887 1.00 0.843 L849 10.579 
- 55.829 
29.900 1470.900 30.100 0.213 2.288 5.255 1.00 1.090 1.483 8.828 - 135.809 
34.600 3685.530 36.610 0.121 L. 786 4.061 1.00 1.353 1.217 7.631 
-
108.829 
. 39.380 2050.000 43.400 0.068 1.410 1.000 1.00 1.663 0.973 4.636 
- 73.488 
' 
I 
.... 
.... 
0 
' 
I 
! 
' i 
' 
' 
TABLE 4.33 
Calculated and Experimentally Obtained 1/P for the Reactions of Methylmethacrylate in the Presence of Polymethyl-
n 
methacrylate at ~60 x 10-3 ml~les Initiator Concentration 
~tre 
..------- l/P X 105 -------
n 
Ca1c Expt 
-
Visc k Termi- c cill Pl x1o5 Total Wt % PMMl l05R l0-7k • 10-?....EE.!:. PRT Total (.JL) nation m T(m] p t k. n Cp ~ 
0.000 0.410 28.610 2.441 0 31.861 1.00 0 0 -32.861 30.120 32.861 
5.047 2.200 26.661 2.596 0 35.653 1.00 0.136 0 36.789 29,097 34.660 
10.611 7.670 25.798 1.963 l. 784 28.477 l.OO 0.304 3.685 33.466 30.085 41.298 
15.210 23.120 25.727 1.306 3.602 20.419 1.00 0.460 5.750 27.629 23.532 50.372 
20.149 45.220 28.837 0.775 3.336 14.934 1.00 0.645 4.800 21.379 17.662 63.801 
24.757 250.000 34.805 0.395 3.079 10.183 1.00 0.843 4.021 16.047 13.133 89.621 
29.900 1470.900 43.700 0.213 2.288 7.629 1.00 1.090 3.126 12.845 - 125.343 
34.600 3685.530 53.100 0.121 l. 786 5.889 1.00 1.353 2.560 10.802 - 172.800 
39.380 ~2050.000 64.461 0.068 1.410 . 4. 559 1.00 1.663 2.146 9.368 
-
243.353 
112 
4.3.0 STYRENE REACTIONS 
4.3.1 Reactions of styrene in the presence of preformed poly-
styrene which has been used to increase the viscosity of the 
reaction medium. 
A. The viscosity and corresponding weight fraction of the high 
and low molecular weight polystyrene, at which styrene reactions 
were carried out, were obtained from the viscosity graphs in 
Appendix C and presented in Table 4.34. 
TABLE 4.34 Viscosity and Weight Fraction of High and Low Mole-
cular Weight PS in Styrene Monomer 
Viscosity Wt.% of High Wt. % of Low 
( 11/ C P) Mol. Wt. (a} Mol. Wt. (b) 
PS in Styrene PS in Styrene. 
o. 780 0.000 0.000 
3.900 I 3.217 5.047 
I 
15.600 I - 9.737 
51.500 I 12.171 16.742 
132.300 ! 21.787 
340.000 I ! 19.931 27.489 
907 .ooo I 
I 
25.700 34.948 
! 1585.000 28.840 41.687 
I 
a} For the 'high molecular weight polystyrene': Mol.Wt ; 2 .869xlo5 Cv,J~. Avd 
ffl" "" 'J..-53" 10~, r.~-~~·s,'fltJI1"' "' l·'l 0 
b) For the 'low molecular weight polystyrene'; Mol. Wt.; 1. 486xlo5 ( Vo<. Av•) 
M"-::. \.:lCl x1o6 
1 
7o>--\~ol?(-{t.Jo1"'i -::. o.f?S 
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B. For each of the styrene solutions of the polystyrene, styrene 
monomer reactions were carried out at three initiator concentra-
tions. 
Tables 4.35 and 4.36 show the reaction data when high and low 
molecular weight polystyrene were added to styrene respectively. 
C. Variation of kt' n and S with viscosity. 
By a procedure similar to Section 4.2.1, the following were 
calculated from the reaction data of styrene in the presence of 
polystyrene, kt' n and e defined as: 
i) 
ii) R a [I]n 
p 
R p 
2 
Tables 4.37 and 4.38 give the variation of kt' n and S with vis-
cosity" for styrene reaction in the presence of high and low mole-
cular weight polystyrene respectively. 
TABLE 4.35 
Reaction data for styrene in the presence of high molecular weight polystyrene at three initiator concentrations 
Percent Concen- A B c Solution Solution Polystyrene Density Viscosity tration (I]x:w3 R x1o5 [I]xlo3 R x1o5 []x103 R x105 Added to of strrene 
Styrene cm Jl(Cp) [in] mo es moles lkles moles n£1es moles Jkles P cm3 litre litre lit-sec litre lit.sec 'i'itre lit.sec 
0.000 0.891 0.780 8.575 5.006 l. 738 20.083 3.425 59.908 5.853 
3.217 0.896. 3.900 8.340 5.007 1.634 20.026 3.207 60.172 5.609 
12 .171 0.911 51. 500 7.676 5.105 1.648 20.060 3.282 60.113 4.923 
19.931 0.924 340.000 7.111 5.122 1.689 19.916 3.409 59.901 5.148 
25.70 0.934 907.000 6.663 5.065 2.022 20.096 3.767 59.979 6.172 
28.84 0.939 1585.000 6.415 5.023 2.210 19.994 3.960 59.938 6.295 
1--:--------------------------
I 
I 
TABLE 4;36 
Reaction data for styrene in the presence of low molecular weight polystyrene at three initiator concentrations 
' 
l A B c 
Percent Solution Solution Concentra-
Polystyrene Density Viscosity tion of R x105 R xl05 R x1o5 Added to c \l(Cp) Styrene ,fm} t:r] xlo3 p [I] xl0 3 p [I) xl03 p Styrene m moles p -- moles moles moles moles moles moles · 
cm3 litre -- lit.sec litre lit. sec. litre lit.sec. litre 
0.000 0.891 0. 780 8.575 5.006 1. 738 20.083 3.425 59.908 5.853 
5.047 0.900 3.900 8.200 4.930 1.601 19.820 3.269 59.318 5.196 
9.737 0.907 15.600 7.847 3.849 1.553 19.945 2.989 59.833 5.111 
16.742 0.919 51.500 7.323 5.028 1.699 . 20.087 3.164 59.684 4.909 
21.787 0.927 132.300 6.943 4.821 1.699 19.957 3.115 59.879 4.977 
27.489 0.937 340.000 6.523 5.028 1.950 20.057 3.496 59.933 5.356 
34.948 0.949 907.000 5.949 4.980 2.157 19.980 3.609 59.924 5.760 
' 
41.687 0.960 1587.000 5.447 5.007 2.950 20.091 4.500 60.214 6.600 
. 
---------------------------------~----
TABLE 4.37 
Variation with viscosity of kt' nand e for styrene reactions in the presence of high molecular weight polystyrene 
Volume Kinetic 
kt x 10-s 
Percent Solution Fraction Order a Polystyrene Viscosity 
of PS n [I]=5xl0-3 · [I] =20xlo-3 [I] =60xlo-3 Added to \J(Cp) Added w.r.t. Styrene Initiator moles moles moles litre litre litre 
0.000 0.780 0.000 0.50 7.061 7. 294 7.450 -
3.217 3.900 2.464 0.50 7.558 7.847 7.708 -
12.171 51.500 9.477 0.96 6.417 5.648 8.468 0.11 
19.931 340.000 15.740 0.46 5.260 5.021 6.531 0.10 
25.700 907.000 20.516 . 0.45 3.209 3.668 4.078 0.10 
28.840 . 1585.000 23.146 0.42 2.469 3.061 3.632 0.16 
TABLE 4.38 
------------------, 
I 
I 
Variation with viscosity of kt' n and 8 for styrene reactions in the presence of low molecular weight polystyrene 
k x lo-7 
t 
Percent Solution Volume Kinetic 
Polystyrene Viscosity Fraction Order [r]~sx1o3 [I] =20xlo3 [I] =60xl03 e 
Added to \l{Cp) of n 
moles moles moles Styrene Polystyrene litre litre litre Added 
0.000 0. 780 0.000 o.SQ 7.061 7.294 7.450 -
5.047 3.900 3.882 0.48 7.447 7.228 8.561 -
9.737 15.600 7.548 0.43 5.694 7.965 8.175 0.13 
16.742 51.500 13.150 0.43 5.413 6.237 7.647 0.14 
21.787 132.300 17.262 0.43 4.666 5.746 6.755 0.15 
I 
27.489 340.000 22.015 0.42 3.434 4.046 5.154 l 0.16 I 
) 
34.948 907.000 28.347 0.3& 2.194 3.146 3.708 I 0.21 
'  
' 41.687 1587.000 34.205 0.33 0.989 1. 707 2.377 l 0.35 
' j 
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D. The newly formed polystyrene and the introduced polystyrene 
could not be separated. Tables 4.39, 4.40 and 4.41 give the cal-
culated degree of polymerization for the styrene reactions in 
the presence of high molecular weight polystyrene. at initiator 
Of • 5 x 10_3 moles • 20 x 10_3 moles concentrations ·v lJ."tre' " litre 
respectively. 
Tables 4.42, 4.43 and 4.44 give the calculated degree of poly-
merization for the styrene reactions, in the presence of low mole-
cular weight polystyrene at the same three initiator concentrations. 
E. Gel Permeation Chromatography did not distinguish between 
these two populations of polymers. 
TABLE 4o39 
Calculated 1/P for the reactions of styrene in the presence of high molecular weight polystyrene at ~s x 10-3 moYes 
n litre 
initiator concentration 
-x 10 I Calc Pn 
1 5 
Visco k Termi- ill Wt %PS 105 R 10-7 k ' 10-7 ..£E!. c PRT Total 
<v/Cpl p t ko nation m eT [m] 
~ 
OoOOO Oo780 l. 738 6o940 Oo922 54ol80 3o50 OoOOO Oo678 58o358 
3o2l7 3o900 lo634 ~7 0 508 Oo60l 58o257 3o50 Oo630 Oo473 62.il6o 
12 ol7l 51.500 1.648 5o837 2o695 53 0 924 3o50 2o635 2o336 62.395 
l9o931 340o000 1.689 . 4o907 1.590 54 ol36 3o50 4o724 1o652 64o012 
25o700 907o000 2 o022 2.864 2.177 32 0 749 3o50 6o572 2.455 45.276 
28o840 1585o000 2 o210 2o038 3o050 36ol50 3o50 7o70l 3.402 50.754 
TABLE 4.40 
Calc.ulated 1/P f th t · f · th f h · h 1 1 · ht 1 t at "-20 x lo-3 tm<lles n or e reac ~ons a styrene ~n e presence a ~g mo ecu ar we~g po ys yrene litre 
initiator concentration 
1 
[ rx Calc n 
k Termi- 1!1 Wt % PS Visc(~P) 105R lo-7k ' 10-7 _£!E. c CT(m] PRT Total p t k. nation m 
~ 
. 
0.000 o. 780 3.425 6,940 0.922 106.771 3.50 0·000 2.635 112.906 
3.217 3.900 3.207 7.508 0.601 114.339 3.50 0.630 1.820 120.289 
12.171 51.500 3.282 5.837 2.695 107.389 3.50 2,635 9,265 122.789 
19.931 340.000 3.409 4.907 1.590 109.266 3.50 4. 724 6.731 124.221 
25.700 907.000 3.767 2.864 2.177 so. 266 3.50 6.572 8.521 98.859 
28.840 1585.000 3.960 2.038 3.050 ·64.775 3.50 7.701 10.930 86.906 
,_. 
N 
0 
TABLE 4.41 
-3moles Calculated 1/Pn for the reactions of styrene in the presence of high molecular weight polystyrene at ~60 x 10 litre 
initiator concentration 
-x 10 Calc p 
1 5 
n 
k Termi- cf* Wt %PS Visc(~p} 105 R 10-7k ' 10-7 prt c PRT Total p t k. nation m T m] 
l. 
. 
0.000 o. 780 5.853 6.940 0.922 182.462 3.50 o.ooo /}.690 193.652 
3.217 3.900 5.609 7.508 0.601 199.950 3.50 0.630 5.567 209.647 
12.171 51.500 4.923 5.837 2.695 161.084 3.50 2.635 20.846 188.065 
19.931 340.000 5.148 4.907 1.596 165.064 3.50 4.724 15.350 188.578 
25.700 907.000 6.172 2.864 2.177 131.581 3.50 6. 572 22.875 164.458 
28.840 1585.000 6.295 2.038 3.050 102.969 3.50 7.701 27.610 141.780 
. 
I 
- --·---------------- -
TABLE 4.42 
3 m~les Calculated 1/P for the reactions of styrene in the presence of low molecular weight polystyrene at ~5 x 10-
n litre 
initiator concentration 
-x 10 I Calc p n 
1 5 
Visc <d'P) l05R lo- 7k • k t Termi- b:l. Wt% PS w-7...£E.:S c CT(m) PRT Total p t k. nation m 
' 
0.000 o. 780 1. 738 6.940 o. 922 54.180 3.50 0• 000 0.678 58.358 
5.047 3.900 1.601 7. 253 1.114 55.168 3.50 1.010 0.870 57.041 
9.737 15.600 1.553 4.801 6.306 38.148 3.50 2.053 3.656 39.995 
16.742 51.500 1.699 4.635 4.242 45.934 3.50 3.833 3.746 48.503 
21.787 132.300 1.699 3.930 4.326 46.262 3.50 5.306 4.001 50.360 
27.489 340.000 1.950 2.621 4.078 37.990 3.50 7.203 4.261 39.674 
34.948 907.000 2.157 1.655 4.049 1. 30.953 3.50 10.169 4.725 33.171 
41.687 1587.000 2.950 0.577 4.330 16.184 3.50 13.402 4.689 18.949 
I 
I 
I 
TABLE 4.43 
3 moles Calculated 1/Pn for the reactions of styrene in the presence of low molecular weight polystyrene at ~20 x 10- litre 
Initiator Concentration 
p-x 10 Calc 1 5 
n 
k Termi- 1!1 Wt% PS Visc(L} 105R 10-7k ' w-7~ c PRT Total 
Cp p t . k. nation m eT (m] ]_ 
0.000 0. 780 3.425 6.940 0.922 106.771 3.50 0·000 2.635 112.906 
5.047 3.900 3.269 7.253 1.114 116.468 3.50 1.010 3.625 124.603 
9.737 15.600 2.989 4.801 6.306 76.975 3.50 2.053 13.542 96.070 
16.742 51.500 3.164 4.635 4.242 90.325 3.50 3.833 12.992 110.650 
21.787 132.300 3.115 3.930 4.322 83.880 3.50 5.306 13.476 106.162 
21.489 340.000 3.496 2.621 4.078 71.127 3.50 7.203 13.700 95.532 
34.948 907.000 3.609 1.655 4. 0'19 55.744 3.50 10.169 13.228 84.641 
41.687 1587.000 4.500 0.577 4.330 28.905 3.50 13.402 10.910 56.718 
--· -- -----------------------------------------------------------------------------------------------------
- -- ------,-----------------
TABLE 4.44 
3 moles Calculated 1/P for the reactions of styrene in the presence of low molecular weight polystyrene ac ~60x 10-
n litre 
Initiator concentration 
~-- -x 10 -p Calc 
n 
1 5 
Visc (d'P> l05R l0-7k 0 k Termi- ltl . Wt % PS 10-7 --.l2E! c c PRT Total p t k. nation m T [m} 
~ 
0.000 o. 780 5.853 6.940 0;922 182.462 3.50 0·000 7.690 193.652 
5.047 3.900 5.196 7. 253 1.114 185.123 3.50 1.010 9.159 198.792 
9.737 15.600 5.111 4.801 6.306 131.623 3.50 2.053 39.595 176.771 
16.742 51.500 4.909 4.635 4.242 140.641 3.50 3.833 31.275 180.749 
21.787 132.300 4.977 3.930 4.326 134.019 3.50 5.306 34.402 177.227 
27.489 340.000 5.356 2.621 4.078 108.972 3.50 7.203 32.148 151.823 
34.948 907.000 5. 760 1.655 4.049 88.968 3.50 10.169 37.700 140.337 
41.687 1587.000 6.600 0.577 4.330 42.394 3.50 13.402 23.468 82.764 
I 
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4.3.2 Reactions of Styrene in the Presence of preformed polyisobutylene 
which has been used to increase the viscosity of the reaction 
medium. 
A. The viscosity and corresponding weight fraction of polyiso-
butylene, at which styrene_ reactions were carried out, were 
obtained from the viscosity graphs in Appendix c and presented 
in Table 4.45 
TABLE 4.45 
Viscosity and Weight Percent of Polyisobutylene in Styrene 
Viscosity Wt % of 
( ~/Cp) Po lyi sobutyl ene in S.:t.Yrene 
0.780 0.000 
o. 834 2.586 
2.754 6.174 
8.511 12.261 
14.454 15.593 
48.978 22.480 
125.892 28.407 
199.526 31.735 
B. 
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For each of the styrene solutions of the polyisobutylene, 
styrene monomer reactions were carried out at three initiator 
concentrations. 
Table 4.46 shows the reaction data for these solutions. 
TABLE 4,46 
Reaction.data for styrene polymerization in the presence of polyisobutylene 
Percent Solution Solution Concen- A B c 
Polyisobutylene Density Viscosity tration [I] x1o3 R XlO S (I]xlo3 R x105 l1Jxlo3 R xlo5 Added to Gm \l (Cp) of ~v:r.ene lfioles !fioles mgles p -- [ ~ o es moles moles moles Styrene 
cm3 m litre litre lit.sec litre Lit.sec litre Lit.sec 
0.000 0.891 0. 780 8.575 5.006 1. 738 20.083 3.425 59.908 5.853 
2.586 0.892 0.834 8.338 5.052 2.001 20.111 3.825 - -
. 
6.174 0.892 2.754 8.035 5.176 1. 780 20.153 3.265 - -
12.261 0.893 8.511 7.525 4.988 1.316 20.012 3.060 - -
15.593 0.894 14.454 7.244 5.168 1.184 20.147 3.424 60.257 5.864 
22.480 0.896 48.978 6.666 4.984 0.872 20.131 1.971 60.317 4.006 
28.407 0.898 125.892 6.172 6.181 0.921 19.953 1. 790 60.188 3.479 
31.735 0.899 199.526 5.894 5.069 o. 759 20.120 1. 728 60.315 3.290 
c. 
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variation of kt' n and S with viscosity. 
By a procedure similar to Section 4.2.1 kt' n and S were 
calculated for the styrene reactlons in the presence of poly-
isobutylene added to increase the viscosity. 
Table 4.47 gives these variations. 
TABLE 4.47 
variation with viscosity of kt' and n for styrene reaction ih the presence of po~yisobutylene 
kt x lo-' 
Percent Volume 
Polyisobutylene Solution Fraction Kinetic 
Added to Viscosity of Order [I] ~ 5 X 10-3 [I]~ 20. x lo-3 [I]~ 60 X 10-3 
Styrene (1-l/Cp) Polyisobuty- n 
moles moles moles le ne Added ---litre litre litre 
0.000 o. 780 o.ooo 0.50 7.061 7.294 7.450 
2.586 0.834 1.972 0.50 5.083 5.537 -
6.174 2.754 4.707 0.40 6.111 7.072 -
12.261 8.511 9.358 0.61 9.450 7.012 -
15.593 19.454 11.915 0.66 11.209 5.225 5.328 
22.480 48.978 17.216 0.61 16.876 13.341 9.677 
28.407 125.892 21.803 0.60 16.083 13.745 10.976 
31.735 199.526 24.384 0.60 17.711 13.563 11.216 
-
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4.4.0 VINYL ACETATE REACTIONS 
4.4.1 Vinyl Acetate reactions were carried out in the presence of pre-
formed polyvinyl acetate 
A. The visdbsity and corresponding weight fraction of the 
high and low molecular weight polyvinyl acetate, at which vinyl 
acetate reactions were carried out, were obtained from the 
viscosity graphs in Appendix A and presented in Table 4.48 
TABLE 4.48 
Viscosity and Weight Percent of High and Low Molecular Weight 
Polyvinyl Acetate in Vinyl Acetate Monomer 
Viscosity Wt % of ( ) Wt % of (b) 
(1J/Cp High Mol. Wt a Low Mol. Wt. PVA in VA PVA in VA 
32.900 10.180 26.570 
142.860 15.490 38.550 
337.60 20.450 48.530 
1675.160 
I 
25.720 53 .lOO 
3998.050 29.710 58.960 
11311.600 35.290 -
For 'high molecular weight polyvinyl acetate': Mol.Wt. 
I'\" -:. '2..-l'lx•-o". i'o~'1~151f-alJT'1 ""'1.-72-
5 (' 
= 2.505 x 10 •/Jfc.Ave) a) 
b) For 'low molecular weight polyvinyl acetate': Mol.Wt. 
111" = 5"·1.' )(1<>4' (o~-tDJ'i'CI!.JJT-i "=' ;)..:l<j 
' 
= 3.237 x l04{vi;c.flrve) 
- ----------------
TABLE 4.49 
Data for reaction of vinyl acetate in the presence of high and low molecular weight polyvinyl acetate 
Hihg Mol. Wt. PVA in Vinyl Acetate Low Mol. Wt. PVA in Vinyl Acetate 
Conc.of Conc.of 
Viscosity Wt% of Vinyl aJxl02 R x105 kt Wt% of Vinyl IIJ x102 R x105 k p p t (1!/Cp) PVA Acet~te moles PVA Acetate )(T ~ J me es --- moles k 2 moles moles 
m litre litre litre lm] moles litre litre p 
·P 
. litre 
. 
32.900 10.180 9.689 '4.140 22.690 ll7.761 26.570 8.279 4.340 23.700 82.600 
142.860 15.490 9.247 4.220 32.810 35.563 38.550 7.178 4.510 18.140 110.154 
337.600 20.450 8.838 4,380 42.960 28.907 48.530 6.170 4.440 12.920 158.125 
1675.160 25.720 8.362 4.210 52.420 16.711 53.100 5.659 4.540 12.930 135.519 
. 
3998.050 29.710 8.100 4.150 49.850 17.100 58.960 5.074 4.510 7.270 342.768 
. 
11311.600 35.290 7.480 4.170 55.760 11.695 - - - - -
. 
CHAPTER 5 
DISCUSSION OF RESULTS 
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5.0.0 INTRODUCTION 
In discussing the results from the experimental work and 
calculations, this chapter will be divided into seven parts: 
a) The relationship obtained between solution viscosity, con-
centration and molecular weight of added polymer. 
b) Similarities between the shapes of the viscosity and of 
kt curves. 
c) Effect of viscosity on the termination rate constant kt. 
d) Effect of the size of the growing radical on the termina-
tion rate constant, kt. 
e) Contribution to chain-ending from primary radical termina-
tion. 
f) Results of the infrared spectra of polystyrene and polymethyl-
methacrylate recovered after the polymerization of methyl-
"" methacrylate eft the presence of polystyrene. 
g) G.P.C. of polymethylmethacrylates.recovered from the methyl-
methacrylate polymerization in the presence of polystyrene 
and polyvinyl acetate. 
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5.1.0 RELATIONSHIP BETWEEN SOLUTION VISCOSITY, CONCENTRATION AND 
MOLECULAR WEIGHT OF POLYMER 
The polymer solution viscosity, q, can be expressed as 
l 
power functions of concentration, C, (in gm/lOO ml of solution} 
. (80,81 82} 
and molecular we~ght, m, of the polymer added ' 
b' d' 
ll<>C M 
C > C** 
where C+ and C** are as defined in Section 2.7.5. 
b' and d' are the exponents when the concentration of polymer 
+ is less than c • 
b and d are the exponents when the concentration of polymer is 
greater than the critical concentration C**. 
This type of relationship was obtained for the polymer/ 
monomer systems at which reactions were carried out. 
The exponents b and b' from 
b' 
11 Cl c 
C > C** 
for constant molecular weight, are obtained from the log-log 
plots of viscosity·versus concentration for each polymer of 
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known molecular weight dissolved in the specified monomer and 
shown in Appendix c. 
It is observed that the slopes b and b' were the same to 
within 95%, for each molecular weight for: 
a) all three different molecular weight polystyrenes dissolved 
in methylmethacrylate monomer. 
b) the two different molecular weight polymethylmethacrylates 
dissolved in methylmethacrylate monomer. 
c) and the two different molecular weight polystyrenes dissolved 
in styrene monomer. 
For the polyvinyl acetate dissolved in methylmethacrylate 
and vinyl acetate however, different values of b were obtained 
for the hi~h and low molecular weight dissolved. 
The exponents d' and d were obtained from: 
d' ~ et M 
d ~ et M ** c > c 
at constant concentration for the different molecular weights 
investigated. The exponents d and d' were obtained by taking 
a constant concentration point on the viscosity graphs in Appen-
dix C and obtaining the log-log of viscosity versus molecular 
weight for polymers of different molecular weight but at this 
constant concentration, Table 5.1, Figure 5.1. It was observed 
that for c < c+ the exponent d obtained was different from 
----------· --·----------------------------------
135 
c > C** which is d'. A summary of these exponents is presented 
in Table 5.2. 
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' 
I 
TABLE 5.1 I 
' 
. Data from the Log-Log Plot of Molecular Weight Versus Viscosity 
' 
at Constant Concentration for Determining d' and d. The Visco- I 
sities are Obtained from Graphs in Appendix c. 
! 
' 
a) PS/MMA System ! 
I 
. 
d' at c=S% d at C=25 .12% 
Log. Mol. Wt. Log. Visc. Log. Visc. 
5.41 0.66 2.54 
5.09 0.42 2 ~os 
4. 23 0.22 1.60 
Slope d' = 1.0 d = 1.4 
b) PVA/MMA 
d' at C=4% d at C=25.12% 
Log. Mol. Wt. Log. Visc. Log. Visc. 
5.40 0.75 3.14. 
4.51 0.17 1.62 
d' = l.O d = 1.6 I 
"--:"· 
c) PMMA/MMA 
d' at c=8% d at C=25.12% 
. 
Log. Mol. Wt. Log. Visc. Log. Visc. 
5.16 0.68 2.38 
5.00 0.48 1.89 
d' = 1.2 d = 3.0 
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d) PVA/VA 
d' at C=6.3% d at C=20% 
Log. Mol. Wt. 
Log • Visc. Log. Visc. 
. 
5.40 1.05 2.54 
4.51 0.27 1.17 
. 
d' = 1.0 d = 1.6 
3.0 
Log(;~ 
2.0 
1.0 
o.o 4 
.0 
FIGURE 5.1 
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c = 25.12% 
" 
c 5% 
5.0 6.0 Log (Molecular Wt) 
Log-Log Plot of Viscosity Versus Molecular Weight at Constant 
Concentrations for Polystyrene in Methylmethacrylate 
Since the data for PVA/MMA, PMMA/MMA and PVA/VA are two point lines, graphs 
are Oat required, to obtain their slope 
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TABLE S.2 
Exponents b, b', d and d' for the Polymer/monomer Solutions Studies 
+ ** c < c c > c 
REW (a) POLYMER/MONOMER 
b' d' b d 
PS/MMA (all mol.wt) 1.1 1.0 4.0 1.4 Cl 
PVA/MMA (high mol. 1.3 1.0 4.0 1.6 C2 wt) 
PVA/MMA (low mol. 1.3 1.0 s.s 1.6 C2 
wt) 
PMMA/MMA 1.6 1.2 s.s 3.0 C3 
PS/ STY 1.2 1.0 4.0 2.0 C4 
PVA/VA (High mol.wt) 1.3 1.0 4.0 1.6 CS 
PVA/VA (low mol. wt) 1.3 1.0 s.s 1.6 CS 
a) The reference refers to the graphs in Appendix C where the 
b' and b values are obtained for the polymer/monomer solu-
tions. 
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Literature values of b, b', d and d' are varied. De 
. (83 84) .. 
Gennes ' proposed a scaling law at C > C** of 
(62) 2 Callaghan et al however found that viscosity scales as m 
for polystyrene in good solvents. . (81) OnogJ. et al reported 
viscosity scaling of the nature 
C > C** 
for polystyrene, and 
C > C** 
for polyvinyl acetate in water. 
The values reported in Table 5.1 are within these literature 
values. It has been shown that the solvent has some effect on 
polymer entanglement and hence on these scaling exponents with 
viscosity( 62 ). 
(81) Onogi et al proposed that a characteristic value defined 
as C** p z"- should be constant, for a given polymer/monomer system 
irrespective of the chain length, Z. The characteristic values at 
the critical concentration for the polymer/monomer systems studied 
are presented in Table 5.3. 
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TABLE 5.3 
Characteristic Values, ~L;\ C** p Z , for the Polymer/Monomer Solutions 
Studied 
POLYMER/MONOMER Z (o) C** Wt% C** p z~ Ref(a) 
PS/MMA 2593 15.49 749 Cl(H) 
1220 19.06 639 Cl(m) 
547 23.99 557 Cl (L) 
Mean = 648 
PVA/MMA 3562 11.22 635 C2 (H) 
566 25.12 582 C2 (L) 
Mean = 609 
PMMA/MMA 900 17.78 535 C3 (H) 
720 19.95 533 C3 (L) 
Mean = 534 
PS/ STY 2905 14.45 712 C4 (H) 
1484 17.78 631 C4 (L) 
Mean = 672 
PVA/VA 3562 12.59 712 CS (H) 
566 28.18 657 CS(L) 
Mean = 685 
a) The reference refers to the graph in Appendix C where the 
critical concentrations C** were obtained. 
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The mean char<;~.cteristic values for polymethylmethacrylate, 
polyvinyl acetate and polystyrene in methylmethacrylate as sol- . 
vent are 534, 609 and 648 respectively,. Table 5.2. This shows 
that to obtain a corresponding entanglement density, one would 
have to add more of the same molecular weight polystyrene to the 
monomer than the amount of polymethyl methacrylate needed. This 
deduction is in agreement with the calculations of entanglement 
. (85} 1ndex of Bueche . 
The differences in the mean characteristic values also show 
that methylmethacrylate is more compatible with polymer in solution 
in the order PMMA > PVA > PS. 
PMMA/MMA system is therefore a better thermodynamic combina-
tion than PVA/MMA which in turn is better than PS/MMA. This could 
explain the apparent increase in kt observed in the reactions of 
methylmethacrylate in the presence of polystyrene at low visco-
sities. It will be noticed that there was less increase when 
polyvinyl acetate was added while it almost disappeared when poly-
methylmethacrylate was ·added. 
A further point to show that polymer/monomer interaction is 
import<tnt in polymer formation is the difference in the mean charac-
teristic values for PVA/MMA <tnd PVA/VA. Figure 5.2 is the log-log 
plot of viscosity versus concentration for PVA/MMA and PVA/VA. 
The difference in the viscosity curves ·implies that for an equal 
quantity of polyvinyl acetate (of the same molecular weight) 
added to methylmethacrylate and to vinyl acetate, the viscosity 
Log(_!!._) 
Cp 
3.0 
2.0 
l.o 
FIGURE 5.2 
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Log-log plot of viscosity versus concentration of PVA 
in MMA and in VA 
A,C Graphs of high and low molecular weight PVA in 
MMA respectively (x) 
B,D Graphs of high and low molecular weight PVA in 
VA respectively (o) 
B D 
oL-----------------+-----------------~----------------~----------
0.5 Lo 1.5 
Log (C Wt %) 
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of the methylmethacrylate solution is greater than that of the 
vinyl acetate solution. Even though the same polymer and of 
the same molecular weight are added to the different solvent, 
solvent interaction with the polymer is different. This would 
be expected to affect the kinetics of the monomer reactions. 
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5.2.0 COMPARISON BETWEEN VISCOSITY AND kt CURVES 
Qualitative comparisons are made between the curves of 
viscosity versus weight fraction of the introduced polymer and 
the curves of the termination rate constants, kt' versus the 
weight fraction of the polymer added to the monomer. 
Figures 5.4 to 5.9 show that there exists a similarity 
between the shape of the viscosity curves for the polymer/monomer 
solutions and the curves of kt for the monomer polymerization 
reactions. 
The shape of the viscosity curve has been seen to be due 
to therelative importance of the polymer/solvent and polymer/ 
polymer interactions as the weight fraction of the polymer pre-
sent is increased. Regions of change in the termination rate 
constant, kt can therefore be predicted from the viscosity 
curves even before the reactions are performed, if the latter 
is available. 
Quantitative comparisons between the curves of viscosity and 
of k can be obtained however, by comparing the critical concen-
t 
trations, C** obtained from the viscosity curves, Appendix C, 
with the concentration at which decrease in kt is first observed 
in the curves of kt ver·sus viscosity, Table 5. 3. 
4.0 ' 
g (jl_) 
Cp 
3.0 
2.0 
l.O 
0 
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FIGURE 5.4 
Comparison between viscosity versus weight fraction and kt 
versus weight fraction for methylmethacrylate reactions in the 
presence of polystyrene (medium molecular weight) 
0 
1.5 
Log (Wt %) 
·' 
.. 
(~ Cp 
.0 
.0 
. 0 
FIGURE 5.5 
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Comparison between viscosity versus weight fraction 
and k versus weight fraction for methylmethacrylate 
reacttons in the preence of high molecular weight 
polyvinyl acetate 
• 
0 0 
0 
.. oL_------------+-~~--------;-------------~----~ 
0.5 1.0 1. 5 
Log (Wt %) 
6.6 
7 .• 0 
g(J!_) Cp 
3.0 
2 .o 
1.0 
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FIGURE 5.6 Comparison between viscosity versus weight fraction 
and k versus weight fraction for methylmethacrylate 
reactions in the presence of low molecular weight 
. polyvinyl acetate 
j 
.. 
• 
/ 
ol_------~~~~o~~~L----------L--_j 
0.5 1.0 1.5 
Log (Wt %) 
6.6 
Log kt 
6.8 
7.0 
7.4 
(L) Cp 
3.0 
2.0 
1.0 
FIGURE 5. 7 
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Comparison between viscosity versus weight fraction and kt 
versus weight fraction for methylmethacrylate reactions 
in the presence of polymethylmethacrylate 
• 
• 
6.0 
6.5 
7.0 
o~--------------~~--------------~~--~------------~~----~7.5 0.5 1.0 1.5 
Log (Wt %) 
(~~ 
3.0 
2.0 
l.O 
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FIGURE 5.8 Comparison between viscosity vers:us weight reaction and kt 
versus weight fraction for styrene reactions in the 
presence of polystyrene (low molecular weight) 
0 
0. 5 1.0 Log (Wt %) 1.5 
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·FIGURE 5.9 Comparison between viscosity versus weight fraction and kt 
versus weight fraction for vinyl acetate reactions in ·.the · 
presence of high molecular weight polyvinyl acetate 
1.25 1.50 1. 75 
Log (Wt %) 
1.0 
1.5 
2.0 
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TABLE 5.3 
Comparison of Critical Concentration with Concentrations at 
which Decrease in kt Begins 
SYSTEM z C** (Wt %) c(a) (Wt %) 
PS/MMA 2593 15.49 "-16 
1220 19.06 'Y20 
547 23.99 "-'22 
PVA/MMA 3562 11'.22 "'ll 
566 25.12 
"' 8 
PMMA/MMA 900 17.78 "-13 
PS/ STY 2905 14.45 "-'13 
1484 17.78 "-15 
a) Concentration at the point of decrease of kt are obtained from 
Appendix E 
The similarity in the shape of the viscosity curve with 
that of the curve showing the change in kt and the fact that the 
polymer concentrations at which change in kt begins correspond 
roughly to C** suggest that: 
a) the same phenomena govern the changes observed in the two 
cases. Changes in viscosity curves are brought about by the 
relative importance of polymer/solvent and polymer/polymer 
interactions. Likewise in polymerization, as the conversion 
increases polymer/radical contacts govern the kinetics of 
the process. 
b) Changes in viscosity as reaction progresses, can be used to 
model reaction kinetics of the polymerization process. 
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5.3,0 EFFECT OF VISCOSITY ON kt 
It has long been understood that kt depends upon the viscosity 
of the reaction medium. The specific nature of this dependence, 
at high viscosities, has however not been ascertained experimen-
tally. 
It has been anticipated that the values of kt would be 
affected by the structure of the polymer in the polymer/monomer 
solution and also on how polymer/monomer interactions affect the 
viscosity of the medium(4?). 
al (3, 7, 8) Hamielec et used empirical dependences of kt and 
f on the viscosity of the medium to account for these changes. 
The relationship is of the form: 
where: F' = a fractional quantity 
i refers to the values of kt and f at zero conver-
sion. 
The usefulness of such a method is limited since these 
relations would have to be obtained for each different molecular 
weight of polymer being produced. 
For the polymerization of methylmethacrylate and styrene at low 
(38) . (86) 
viscosities, North and Reed and Nicholson and Norr~sh , 
however, suggested a dependence of the form 
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where S is a constant which depends on the monomer type and also 
on the polyroer/roonomer interaction in the reaction system. If 
such a relationship could be obtained experimentally for reactions 
at high viscosity and conversion, it would be of great importance 
in reactor design. 
In the present work, the variation of kt with viscosity is 
investigated by introducing preformed polymers of different but 
known molecular weight into roonomers. The viscosities of such 
s9lutions were measured and the initial rate of reaction of the 
monomers were obtained to give k for the polymerization process. 
. t 
5.3.1 Methylmethacrylate Reactions 
The variation with viscosity of kt for roethylmethacrylate 
reactions using different preformed polymers and of different 
molecular weight as viscosity iricreasing age·nts are presented in 
Figures 5.4A to 5.6B, where for example, Figure 5.4A is the 
log-log plot of kt versus viscosity for the whole range of vis-
cosity studied while Figure 5.4B is the log-log plot for the same 
set of data but considering only the high viscosity region where 
the dependence of kt on viscosity is being shown. 
At low viscosities, for the reactions of methylmethacrylate 
in the presence of polystyrene and of low molecular weight polyvinyl 
acetate, increases in the termination rate constant is observed 
when polymer is added initially. This increase peaked-off and 
the termination rate constant then decreased with increasing 
viscosity of the reaction medium as expected. This behaviour is 
FIGURE 5.4A 
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Log-log plot of kt versus viscosity for the reactions 
of methylmethacrylate in the presence of different 
polymers at initiator concentration of x 
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Log-log plot of kt versus viscosity for the reactions 
of methylmethacryl.ate in the presence of different 
polymers at high viscosity 
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Plot of k versus viscosity for the reactions of 
methylmetfiacrylate in the presence of different 
polymers at initiator concentrations of 
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Log-log plot o~ k versus viscosity for the reactions 
of methylmethacrytate in the presence of different 
polymers at high viscosities and initiator concentra-
tions of 
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Log-log plot of kt versus viscosity for the reactions 
of methylmethacrylate in the presence of different 
polymers at initiator concentrations of 
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Log-log plot of k versus viscosity for the reactions 
of methylmethacryTate in the presence of different 
polymers at high viscosities and initiator concentra-
tions of 
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more pronounced for the reaction of methylmethacrylate in the pre-
sence of polystyrene. Polystyrene is a non-polar polymer and the 
hump observed could be due to thermodynamic effects caused by the 
polymer/solvent interactions. The higher the molecular weight of 
polystyrene used, the lower is the solvent power of methylmetha-
crylate and the greater the observed initial increase in kt. 
At high viscosities, however, after the critical concentrations 
have both passed for each polymer added, the polymer molecules 
overlap extensively and the monomers and radicals flow through 
these meshes. The slopes of the log-log plot of kt versus vis-
cosity are presented in Table 5.10. 
TABLE 5.10 
Slopes of the Log-Log Plot of kt Versus Viscosity at High Visco-
sities 
Polymer/ 
s. 
Monomer [I].-. 5x10-3m~les moles moles lJ.tre I!Y.,.20x10-3 litre [l)"'60xlo-3 litre 
I High Mol Wt I 
l PS/MMA ! 0. 73 0.68 0.65 
' ' i 
Med Mol Wt 0.95 0.85 1.10 PS/MMA 
Low Mol Wt 0.67 o. 77 1.10 PS/MMA 
High Mol Wt 
o. 71 0. 70 0.60 PVA/MHA 
Low Mol Wt 1.10 0.68 0.85 PVA/MMA 
PMMA/MMA 0.60 0.61 0.60 
5.3.2 
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This shows that the termination rate constant could be 
related to viscosity, at high.viscosities, by an equation of 
(38) . the form proposed by North and Reed for low viscos1ty 
reactions! 
For methylmethacrylate reactions values of S in Table 5·10 show 
that 
s = 0.70 ± 0.15 
for over 80% of the reaction systems considered in this study, 
over the whole range of initiator concentrations applied. 
Styrene Reactions 
Preformed polyisobutylene and high and low molecular weight 
polystyrene were added to styrene to increase the viscosity of 
the monomer. kt values were obtained for the monomer reactions as 
more of the styrene wa·s added, in each case, to increase the 
viscosity of the reaction medium. A thermodynamic effect similar 
to that observed in the reaction of methylmethacrylate in the pre-
s'ence of polystyrene is obtained for the reaction of styrene monomer 
in the presence of polyisobutylene. The increased kt with increa-
sing viscosity did not peak-off for the viscosity range investi-
gated, Figures5.7A and S.BA. The reactions of styrene in the 
7.5 
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FIGURE. 5. 7A Plot of kt vers:'us viscosity for styrene reactions 
in the p):'esence of hi.gh and low molecular weight 
polystyrene and polyisobutylene at ini.tiator con-
centrations of 
5 x 10-3 moles lJ.'tre 
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FIGUR£5.7 B Log-log plot of ktoversus viscosity for reactions of 
styrene in the presence of high and low molecular 
weight polystyrene, at high viscosities and initiator 
concentrations of 
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fiGURE ·5.8A Plot of kt versus viscosity for styrene reactions 
in the ,Presence of high and low molecular weight 
polystyrene and polyisobutylene at initiator con-
centrations of 
20 x lo-3 moles 
litre 
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FIGURE 5.9A Plot of k versus viscosity for styrene reactions in the 
presence tof high and 1ow molecular weight polystyrene 
at initiator concentrations of 
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Log-log plot of k versus viscosity for reactions of styrene 
in the presence of high and low molecular weight polystyrene 
at high viscosities and initiator concentrations of 
20 X l0-3 m~les lJ.tre 
II Low Mol Wt PS 
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presence of polystyrene were used to obtain the exponent b in 
relating kt to viscosity, Figures 5.7A to 5.9B represent the 
log-log plot of kt versus viscosity at high viscosities. A 
summary of the exponent S values obtained are presented in 
Table 5.11. 
TABLE 5.11 
Slopes of the Log-Log Plot of kt Versus Viscosity at High Vis-
cosities 
s 
Polymer/ 
Monomer [I] <C5xlo-3 moles [I] "-20x10-3 moles [I}v60Xl03 litre litre 
I 
moles 
litre 
High. Mol Wt 0.49 0. 32 0.39 PS/ STY 
Low Mol Wt 0.46 0.50 0.40 PS/STY 
For styrene reactions, values of 5 in Table 5.11 show that: 
s= 0.4 ± 0.1 
for all the reactions considered. 
5.3.3 Vinyl Acetate Reactions 
Preformed high and low molecular weight polyvinyl acetate 
were added to vinyl acetate monomer and polymerization of the mono-
mer performed. Since k cannot be taken as constant for vinyl p 
F.IGURE 5. lOA 
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• 
Plot of kt/k 2 versus viscosity for vinyl acetate reac-
. p 
tions in the presence of high and low molecular weight 
polyvinyl acetate 
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FIGURE S.lOB Log-log plot of k/k/ versus viscosity for the 
reactions of vinyl acetate in the presence of high 
molecular weight polyvinyl acetate at high viscosities 
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171 
acetate polymerizations . (24) over the range of viscosities stud~ed , 
k 
the ratio k t2 
p 
was chosen to investigate the effect of viscosity 
on vinyl acetate polymerizations. 
k 
. d t . d It ~s assume that k" ~ncrease with increase in viscosity 
p 
for the reaction of vinyl acetate in the presence of low molecular 
weight polyvinyl acetate over the range of viscosities studied, 
Figure S.lOA. 
In a pattern similar to the methylmethacrylate and styrene 
kt 
reactions, k 2 is expressed as a power function of viscosity 
p 
Cl 
_s 
jl 
where ·s= 0.25 from Figure S.lOB. 
These relationships between the termination rate constant 
and viscosity will prove useful in reactor design. 
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5.4.0 EFFECT OF THE SIZE OF TRE'GROWING RADICAL ON k 
Little information is available on the dependence of 
the termination rate constants on the chain length of the reac-
ting radical. Various theoretical approaches suggest different 
relationships, but up till now little direct experimental 
investigation has been made of this problem. 
Until recently, it was thought that kt varies with chain 
length only for rigid polymer chains and that for flexible 
chains, such as methylmethacrylate and styrene radicals, k 
t 
should be independent of chain length. This was proposed by 
(87) . (88) Burkhart and supported by F~scher, Murke and Schulz • 
(89) 
North has shown theoretically that, if kt depends on 
chain length, then the equation for the rate of reaction at 
steady state 
should be replaced by 
where: 
R p 
k = hypothetical termination rate constant which 
tll 
would be shown by chains one ~nit long if they 
had to obey the same geometrical constraints as 
long chains radicals. 
= dimensionless parameter 
= f X and f = f X 
n n n nm m 
defined as 
k tmn f 
nm 
= k 
tll 
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X = mole fraction of radicals which are i-mer i 
ktmn - rate constant for reactions of radicals length m 
with those of length n 
Other theories attempt to describe the relationship between 
. (90-95) kt and chain length accord~ng to the dependence of the type 
where j is the radical chain length, ~ is a constant. 
(96) (97) . Gordon et al and Roe proposed the relat~on 
kt ~ 1/(j~ (j~ +A)) 
where A is a constant, 
1 (98,99) d and Yasukawa et a propose that 
-a -a kt a j q 
where j and q are radical chain lengths and ~ is a constant not 
equal to zero. 
As mentioned earlier most of these relations are theoretical 
propositions. It is apparent that experimental investigations of 
these relations would be difficult as the gel effect at high con-
versions causes the average chain length to inc~ease. 
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This problem is tackled in the present investigations by 
relating kt to measurable initiator concentration which in turn 
is an indication of chain length. Different initiator concen-
trations were used for the monomer polymerization within the 
viscous medium. The variation of kt with initiator concentration 
under similar reaction conditions were then obtained. 
Table 5.12 gives the initiator concentration and average 
radical size of the methylmethacrylate radicals in the polymeri-
zation process. These values are obtained by measuring the intrin-
sic viscosity of polymethylmethacrylate precipitated from pure 
monomer reactions carried out to small conversions with no poly-
mers added initially. 
TABLE 5.12 
Initiator Concentration and Average Radical Size of Polymethyl-
methacrylate Obtained from Low Monomer Conversions 
Initiator Concentration Average Radical Size, Z 
5.009 X 10-3 moles litre 10200 
20.373 X 10-3 '' ' 
I . , 60.081 X lo- 3 " 
4900 
3300 
For each polymer molecular weight dissolved in the metbyl-
methycrylate monomer, reactions were carried out at three initiator 
concentrations and at different solution viscosities. The change 
in the termination rate constant with increasing viscosities for 
8.0 
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FIGURE 5.11 Log-log plot of kt versus viscosity for the reactions 
of methylmethacrylate in the presence of high molecular 
weight polystyrene 
Reactions initiator concentration of"' Sxlo- 3 moles ( . ) at litre 
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FIGURE 5.12 Log-log plot of kt versus viscosity for the reactionsof 
methylmethactylate in the presence of medium molecular 
weight polystyrene 
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FIGURE 5.13 Log-log plot of kt versus viscosity for the reactions 
8.0 of methylmethacrylate in the presence of low molecular 
weight polymethyl methacrylate 
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J!'IGURE 5.14 Log-log plot of kt versus viscosity for the reacti<;>ns 
of methylmethacrylate in the presence of high molecular 
weight polyvinyl acetate 
0 
I Reactions at initiator concentration 
of -vs x w-3 moles (•) litre 
II Reactions at initiator concentration 
of -v2o x 10_3 moles litre (o) 
III Reaction at initiator concentration 
of '~-60 x 10_3 moles litre (x) 
0.0 1.0 2.0 3.0 
Log (~/C p) 
II 
4.0 
179 
FIGURE 5.15 Log-log plot of kt versus viscosity for the reactions 
of methylmethacrylate in the presence of low molecular 
weight polyvinyl acetate 
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FIGURE 5.16 Log-log plot of kt versus viscosity for the reactions 
of methylmethacrylate in the presence of pclymethyl-
methacrylate 
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each of the average radical lengths are presented in Figures 
5.11 to 5.16. Before the critical concentration is reached, 
that is at moderately low viscosities, the effects of change 
in average radical size on kt is not pronounced. 
At higher vicosities, after the critical concentration has 
been passed, it can be concluded from the graphs that: 
a} the termination rate constant is dependent on the average 
radical size, 
b) the termination rate constant is lower when a longer radi-
cal is growing within the viscous medium, 
c) kt can be expressed as a power· function of initiator con-
centration as 
From the log-log plot of kt versus [I] it is obtained for MMA 
reations that 
0.1 < s < 0.3 
The individual values are shown in Chapter 4. 
STYRENE REACTIONS 
For the reaction of styrene in the presence of polystyrene, 
Table 2 gives the initiator concentrations and average radical 
size of the styrene radicals, in the polymerization process. 
8 .o 
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FIGURE 5.17 Log-log plot of kt versus viscosity for the reactions 
of styrene in the presence of high molecular weight 
polystyrene 
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FIGURE 5.18 Log-log plot of kt versus viscosity for the reactions 
of styrene in the presence of low molecular weight poly-
styrene 
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'Like those of values.obtained for methylmethacrylate polymerization, 
these average chain lengths were obtained by measuring the intrinsic 
viscosity of polystyrene precipitated from monomer reactions carried 
to small conversions only with no polymer present initially. 
TABLE 5.13 
Initiator Concentration and Average Radical Size of Polystyrene 
Obtained from Low Monomer Conversions 
Initiator Concentration Average Radical Size, z 
5.006 X 10-3 moles litre 1770 
20.083 X 10-3 " 880 
59.908 X 10-3 " 516 
Similar conclusions can be drawn from Figures 5.17 and 5.18 
to those of methylmethacrylate reactions. The termination constant 
is dependent on the average radical size, kt is lower when a longer 
radical is growing within the viscous medium and kt can be expressed 
as a power functiOn of initiator concentration of the form 
where S is the slope of the log-log plot of kt versus viscosity shown 
in Chapter 4. 
It is observed that for styrene reactions 
0.1 < s < 0.3 
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FIGURE 5.19 Log-log plot of kt verstp viscosity for the reactions 
of styrene in the presence of polyisobutylene 
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Reactions of styrene in the presence of polyisobutylene 
(Figure 5.19) show a trend opposite to that obtained when the 
reactions were carried out in the presence of polystyrene. 
It is observed that the termination rate constant changes as 
well with initiator concentration but kt for large polystyrene 
radicals is found to be of a higher value than that of a shorter 
length. Polyisobutylene has been seen to have poor polymer/ 
solvent properties when dissolved in styrene. This observation 
could be due to this poor thermodynamic relationship. 
(90-95) A number of models have proposed that kt ~ 
if this assumption is correct then 
1 k a--a 
t P"':! 
n 
R. ':! 
but R ~ ( .2:.) p kt 
R. L ( .2:.) -, 
R p 
therefore k 2 " 
R ':! 
t ~ kt ~ 
that is kt ~ R lf3 i 
or· kt ~ [rjl/3 
This agrees with the range of 8 found in the present work. 
Also R would be expected to be proportional to [rjl/3 as was p 
found for reactions of both methylmethacrylate and styrene at high 
viscosities when n = 1/3. (Chapter 4) . 
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5.4.1 Effect of the Chain Length of the Added Preformed Polymer on the 
Termination Rate Constants of the Monomer Reactions 
The polymerization reactions performed at constant initiator 
concentrations but varying molecular weight of the added preformed 
polymer enabled us to look into the effect of the 'dead' polymer 
chain on the kinetics of the monomer reaction taking place. 
The log-log plots of the. termination rate constants versus 
the solution viscosities for the reactions of: 
a) methylmethacrylate in the presence of different molecular 
weights of polystyrene and polyvinyl acetate, Figure 5.~ 
b) styrene in the presence of polystyrene of different mole-
cular weights, Figure 5.1 . 
. can be used to investigate this effect. 
It was observed that for the reaction of a monomer in the 
presence of its own polymer, the effect of the molecular weight of 
the added polymer (at constant viscosity) is not pronounced. 
For the reactions when different polymers were used however, a 
lower value of kt was observed for lower molecular weight of added 
polymer at the same viscosity. As shown by the above mentioned 
graphs, however, the relationships between kt and viscosity still 
holds for the different molecular weights. The constant of proper-
tionality for this relationship would probably be a function of 
molecular weight of the formed polymer. The relationship kt u [I]S 
is a confirmation of this suggestion since-in bulk polymerization 
the average chain length of the growing radical would be equal to 
the average chain length of the 'dead' polymers causing the increased 
viscosity. 
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5.5.0 CONTRIBUTION TO CHAIN ENDING FROM PRIMARY RADICAL TERMINATION 
The average degree of polymerization can be calculated from 
obtainable reaction parameters using equation t.ji3: 
_l_ = .:__k....:t::..._Ro:.P 
k 2 [m]2 
p 
p-
n 
+ c 
m 
+ C ffi + PRT T [m] ('l.$3) 
where PRT is the contribution to chain ending from primary radi-
cal termination and is given by 
PRT = 
k k R 2 prt t p 
k. k 3 [m] 4 
~ p 
Using Bamford's equatio~(2 G) 
(Chapter 4). There was good 
(l..$5) 
k 
prt was obtained and hence PRT. 
ki 
agreement between the average 
degree of polymerization obtained experimentally from the intrinsic 
viscosity of the separated polymers and those calculated using 
equation -~.63 (Chapter 4). 
The contribution to chain ending for the reactions is there-
fore given by 
lOO PRT 
1/P 
n 
% (4 .l) 
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METHYL METHACRYLATE REACTIONS 
Representative samples of the. graphs of percentage con-
tribution to chain ending from primary radical termination versus 
the viscosities of the reaction medium for methylmethacrylate 
polymerization in the presence of polystyrene, polyvinyl acetate 
and polymethylmethacrylate are presented in Figures 5.20, 5.21 
and 5.22 respectively. 
It is observed that the contribution from primary radical 
termination increased through a maximum then decreased as the 
viscosity of the reaction medium is increased. A summary of the 
maximum contribution at different initiator concentrations .for the 
methylmethacrylate polymerization systems studied are presented in 
Table 5.14 with the peaking-off viscosities and corresponding 
weight percent of polymer introduced. 
TABLE 5.14 
Maximum Contribution to Chain Ending From PRT Plus the Peaking-Off 
Viscosity and Weight Percent of Polymer Added for Methylmethacry-
late Polymerization 
Polymer/ I Maximum Contribution from PRT (%) Peaking- ! 
Monomer At Initiator At Initiator At Initiator Off Vis-System cosity Concentra- Concentra- Concentra-
tion of I tion of tion of (Cp) 
I "-5xlo-3M~les I "-20xlo-3m~les "-60xlol moles ---lltre lltre litre 
. 
High Mol Wt 
PS/MMA 9 17 23 907 
Med Mol Wt 9 16 23 340 PS/MMA 
Low Mol Wt 10 18 26 132 PS/MMA 
High Mol Wt 6 12 22 907 PVA/MMA . 
Low Mol Wt 2 6 11 132 PVA/MMA 
PMMA/MMA 10 18 25 250 I 
! 
Corres- I pending· 
Weight ' I Percent 
28 
33 
34 I 
23 I 
34 
I 
25 I I 
I 
25.0 
20.0 
PRT % 
15.0 
10.0 
5 .o 
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FIGURE 5.20 Percent contribution to chain termination due to PRT 
versus viscosity of reaction medium for methylmetha-
crylate reaction in the presence of polystyrene 
(Medium molecular weight) 
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FIGURE 5.21 Percent contribution to chain termination due to PRT 
versus viscosity of reaction medium for methylmethacrylate 
reaction in the presence of polyvinyl acetate (high mole-
cular weight) 
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FIGURE 5.22 Percent contributions to chain termination due to PRT 
versus viscosity of reaction medium for methylmetha-
crylate reaction in the presence of polymethyl metha-
crylate 
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STYRENE REACTIONS 
Figure 5.23 is the graph of the contribution to chain termina-
tion from primary radical termination in styrene polymerised in the 
presence of preformed polystyrene. It is observed that the decrease 
in the contribution from primary radical termination exhibited in 
methylmethacrylate reactions at high viscosities have not ~ been 
revealed here. For the viscosity range investigated the contribu-
tion increased progressively. 
The percentage contribution to chain ending from primary 
radical termination in the polymerization of pure styrene monomer 
(without adding any preformed_polymer) is presented in Table 5.15. 
TABLE 5.15 
Percentage Contribution to Chain Ending From Primary Radical Termi-
nation in Styrene Monomer Reactions 
Initiator Concentration Percent Contribution 
(moles/litre) from PRT 
5.006 X 10-3 1.2 
20.083 X 10-3 2.3 
59.908 X 10-3 4.0 
These values are comparable with those reported in literature by 
Pryor and Coco(?l) for the polymerization of styrene initiated by 
AZBN. 
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FFIGURE 5o 23 Percent contribution to chain termination due to PRT 
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From the PRT contributions to chain ending in the polymeriza-
tion of methylmethacrylate and styrene presented above, it can be 
seen that the percent contributions increase as the initiator con-
centration of the reaction is increased. For initiator concentra-
tions of about 6 x lo-2 ~~~== , contributions up to 20-25% are 
observed as the viscosity of the reaction medium is increased, 
contributions to chain ending from other sources such as chain 
transfer to the polymer increases. This serves to reduce the 
relative importance of primary radical terminatioc. This may 
explain the decrease in percentage contribution observed in methyl-
methacrylate reactions. 
Reaction kinetics will not be complete without including the 
influence of primary radical termination especially in polymeriza-
tion reactions when high initiator concentrations are used or when the 
reactions are carried to high conversions. This effect must be 
incorporated in predicting molecular weight and molecular weight 
distributions expected from polymer reactors. The importance of 
primary radical termination has been shown also by K Ito( 94 ), 
(30) (26) (33) P W Allen et al , C H Bamford et al , P C Deb and 
'Baldwin(lOO). 
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5.6.0 INFRARED SPECTROPHOTOMETRIC INVESTIGATION OF RECOVERED POLYSTYRENE 
AND THE PGlLYMETHYLMETHACRYLATE SEPARATEIO OUT AFTER THE POLYMERIZATION 
OF METHYLMETHACRYLATE IN THE PRESENCE OF POLYSTYRENE 
Four groups of polymers or polymer mixtures were analysed: 
1. Pure polystyrene. 
2. Polystyrene recovered after the methylmethacrylate polymeriza-
tion reaction. 
3. Polymethylmethacrylate separated out after the methylmetha-
crylate polymerization in the presence of polystyrene. 
4. Mixtures of pure polystyrene and polymethylmethacrylate. 
The structures of polystyrene and polymethylmethacrylate 
are: 
-tn 
POLYSTYRENE 
H 
I 
c -
i n 
H 0 
POLYMETHYLMETHACRYLATE 
Inspection of these two structures reveals that distinction 
between them can be obtained by considering the infrared absorption 
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of bond types present in polystyrene but absent in polymethyl-
methacrylate and vice versa. 
For polystyrene the presence of 
i) Aromatic C-H stretching 
ii) Bending and stretching of the phenyl ring. 
For polymethylmethacrylate, the presence of: 
i) Contributions from the C-C-0 bonds 
ii) Contributions from the e-o bonds 
iii) Contributions from the C=O bonds 
iv) Contributions from the cH3-o bonds 
The infrared spectra are presented in: 
a) Figure 5.24 for pure polystyrene 
b) Figure 5.25 for polystyrene recoveryafter the polymerization 
of methylmethacrylate has taken place. 
c) Figure 5.26 for polymethylmethacrylate separated out. 
d) Figure 5.27 for the mixture of pure polystyrene and polymethyl-
methacrylate. 
The infrared spectrophotometer absorbances are characterised 
as very strong, vs, strong, s, medium, m and weak w. 
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The pure polystyrene gave the following absorbances as 
. 5 24) (101, 105-107) expected (F~gure • 
TABLE 5.16 
Absorbance Which Differentiates Polystyrene 
Wave Numbers 
Aromatic C-H Stretching 3040 m 
3070 s 
3090 vs 
Phenyl Ring Vibrations 1610 m 
1500 vs 
1460 vs 
Polymethylmethacrylate also gave the following absorbance 
( . 5 26) (102, 105, 107) F~gure . 
TABLE 5.17 
Absorbance Which Differentiates Po1ymethy1methacry1ate 
c = 0 
C-C-0 
CH -0 3 
1285 
1210 
Wave Numbers 
3440 w 
i740 vs 
1260 vs 
1160 VS 
1000 m 
1410 s 
1490 s 
~~ 
' ) 
rsco 2000 
1150 1500 1250 1.000 
Wave number 
FIGURE 5.24 Jnfrarc>d Spect~.-t of Pure Polystyrene 
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The following are observed: 
a) The infrared spectrum of the polystyrene recovered after 
the polymerization, Figure 5.25, showed all the features 
of the aromatic C-H stretching and phenyl ring vibrations 
at wave numbers equal to those of pure polystyrene, the 
only difference being the very weak C=O absorbance present 
at wave number 1740. Since polymethylmethacrylate has a very 
strong absorbance for this particular vibration, it may be 
concluded that only a very small amount of copolymer in 
residual polymethylmethacrylate is in the polystyrene reco-
vered. 
b) The infrared spectrum of the polymethylmethacrylate, Figure 
5.26, did not show the aromatic C-H stretching absorbance 
but showed all the features of pure polymethylmethacrylate as 
expected. 
c) The infrared spectrum of the mixture of polystyrene and poly-
methylmethacrylate , Figure 5.27, however showed the absorbance 
of the aromatic C-H stretching, phenyl ring vibrations plus the 
C=O, C-C-0 and CH3-o vibrations at the same intensity as would 
be expected for pure polystyrene and polymethylmethacrylate 
respectively. 
We can therefore conclude that essentially pure polymethylrnetha-
crylate was obtained from the separation procedure. If copolymeriza-
tion or grafting on the polystyrene occurred, very short chains were 
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formed. ·This is in agreement with the observations of Morton 
d P .. (103,104) h i ti d h 1 ' . f h 1 an ~~rma w o nves gate t e po ymer~zat~on o met y -
methacrylate in the presence of polystyrene oligomers and found 
that there were very few short chains of polymethylmethacrylate 
formed on the oligomers. 
The structure of polyvinyl acetate can be written as: 
X - (m) 
n 
- CH I z 
c~o 
I 
H 0 
I I 
c - c - (m) - X I I m 
R -
H H 
The presence of c~o and e-o units in both polyvinyl acetate and 
polymethylmethylene implies that the criteribn used for differen-
tiating polystyrene from polymethylmethacrylate through this speci-
fie vibration in the latter is of no use here. 
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5. 7. 0 GEL PERMEATION CHROMATOGRAPHY OF POLYMETHYLMETHACRYLATE RECOVERED 
FROM METHYLMETHACRYLATE POLYMERIZATION IN THE PRESENCE OF POLY-
STYRENE AND POLYVINYL ACETATE 
The molecular weight distribution of polymers are well known 
to be a function of the mechanism of formation. It has often been 
stated that a detailed knowledge of the molecular weight distri-
bution (MWD) would provide valuable insights into the mode of the 
. (108-113) 
react1on • Most polymerizations, especially industrial poly-
merizatlons, are carried to high conversions and operation in this 
regiori introduces several features which are not present at low 
conversions. Reactions may take place between radicals and polymer 
molecules, introducing branch points into the chains and increasing 
severely the chemical complexity of the system. Calculated distri-
butions of polymer molecules in free-radical systems contain ratios 
of rate constants as parameters. As seen from this study, large 
increases in viscosity accompany polymerization and these para-
meters change with conversion. This renders the analysis of MWD 
difficult to obtain. 
There has been considerable dispute on the question of whether 
or not multiple distribution peaks are observed in high conversion 
polymethylmethacrylate. 
(114) (115) (116) 
Tromsdoff , Kinell , Smets et al , 
(117 118) (109) (55) . (119) 
Eriksson ' , Smith et al , Balke et al and J V Dawk1ns 
have all shown that high conversion samples show a multipeak distri-
bution. . (120) . . (121) B11lmeyer and Stockmayer and M1ller and Harr1s 
have presented evidence that this is not so. 
The present gel permeation chromatographic study of poly-
methylmethacrylate recovered after methylmethacrylate polymerization 
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in the presence of polystyrene and polyvinyl acetate could not 
resolve this disagreement. 
Polymethylmethacrylate formed in the presence of polystyrene 
were found to have double peaks at high conversion and the second 
peak got more significant as the molecular weight of the intro-
duced polystyrene decreased. 
Polymethylmethacrylate formed in the presence of polyvinyl 
acetate, however, was found to have only one peak. 
5.7.1 Polymethylmethacrylate Formed in the Presence of Polystyrene 
Figures 5.28 and 5.29 are the chromatographs of the polymethyl-
methacrylates formed in the presence of high molecular weight 
polystyrene, at the initiator concentrations of .the polymerization 
-3 moles 
are ~5 x 10 -----1 .t ~ re 
and 60 x lo-3 moles 
litre respectively. 
Figures 5.30 and 5.31 are the chromatographs of the poly-
methylmethacrylates formed in the presence of medium molecular 
weight polystyrene, the initiator concentrations for the polymeriza-
x 10_3 moles tion process are ~5 litre 3 moles . and ~60 x 10- 1 . respect~vely. 1tre 
Figures 5.32 and 5.33 are the chromatographs of the polymethyl-
methacrylates formed in the presence of low molecular weight poly-
styrene, the initiator concentrationsof the polymerization are 
~s x 10-3 moles 
litre 
d ~60 lo-3 moles an x 1 . ~tre respectively. 
A summary of the number average molecular weight of polydis-
persity of the polymethylmethacrylate formed in the presence of poly-
styrene are presented in Tables 5.18, 5.19 and 5.20 including the 
average molecular weight and polymer polydispersities for a joint 
consideration of the two peaks together. 
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TABLE 5.18 
.M and Polydispersity of Polymethylmethacrylate Formed in the Presence of High Molecular Weight Polystyrene 
n 
[I) "' 5 10_3 moles [I] "' 60 X 10-3 moles Wt % PS Viscosity x litre litre 
-· Added (\1/CP) R xlo-5 10-5 M for each 10-5 M for both R x10-5 10-5M for each 10-5M for both p n n goles n n 
moles peak peaks peak peaks 
--- litre litre (Polydl.spersity) (l'olydispersity) (Polydispersity) (Polydispersi ty 
0 0.41 8.39 6.31 (1. 7) - 28.61 2.44 (1. 8) -
9.13 15.60 5.13 4.93 (1. 8) - 20.36 2.00 (1. 9) -
18.64 132.30 4.33 4.85 (2 .1) - 14.05 1.63 (1.8) 0.93 (3 .1) 
0.06 (1.1) 
28.06 9.07 6.07 8.42 (1.35) 1.97 (5 .0) 15.63 3.02 (1. 6) 0.77 (5 .8) 
0.36 (1.25) 0.08 (1. 2) 
TABLE 5,19 
M and Polydispersity of Polymethylmethacrylate Formed in the Presence of Medium Molecular Weight Polystyrene 
n 
[I) "' 5 x 10_3 moles [I]"' 60 x 10-3 m~les litre htre c_ 
Wt % of PS Viscosity R xw-5 w-5 M for each w-s M for both R xlo-5 10-SM for each w-5M for both 
Added (1.1/CP) p n n p n n 
moles peak peaks moles peak peaks 
~itre (Po1ydispersity) (Po1ydispersity) litre (Polydispersity) (Polydispersi ty) 
0.00 0.41 8.39 6.31 (1. 7) - 28.61 2.44 (1.8) -
I 
7.31 3.91 6.67 4.76 (1. 6) 
-
23.43 2.19 (l. 9) -
13.34 15.60 5.53 3.64 (2 .0) - 19.34 1.86 (1. 7) -
25.40 132.00 6.67 7.06 (1.6) 0. 67 (11. 4) 17.42 1.91 (l. 9) 1.05 (3. 3) 
0.22 (2 .1) 0.06 (1.1 
32.82 340.00 11.56 6.76 (1. 7) 0.94 (9 .8) 24.90 2.44 (1.9) -
0.20 (2 .o 
' 
I 
38.46 907.00 15.92 6.73 (1. 7) 0.39 (18.4) 33.53 I 3.55 (1. 9) -0.16 (1.6) 
J 
I 
! 
i 
' I 
I 
I 
I 
I 
' 
I 
l 
TABLE 5.20 
M and Po1ydispersity of Polymethylmethacrylate Formed in the Presence of Low Molecular Weight Polystyrene 
n 
[I] "' 5 x 10-3 m~les 
l~tre [JJ 'V 60 X 10
_3 moles 
litre 
Wt % of Viscosity R x1o5 w-5M for each w-5M for both R x1o5 w-5M for each i l0-5Mn for both 
PS Added (~/Cp) p n n p n 
moles peak peaks moles peak peaks 
-- --litre (Polydispersi ty) (Polydispersity) litre (Polydispersity) (Polydisparsi ty) 
0.00 0.41 8. 39 6.31 (1. 7) - 28.61 2.44 (1. 8) 
I 
-
10.00 3.91 5. 73 6.01 (1.5) . 2. 57 (3 .0) 20.78 2.10 (1. 8) I -
0.60 (1.2) 
18.50 15.60 5.28 5.29 (1.4) 1.26 (4 .0) 17.90 1.71 (1. 8) -
0.50 (1.3) 
34.15 132. 30 - - - 21.98 3. 72 (1.6) 1.43 (3.3) 
o. 71 (1.4) 
41.95 340.00 13.65 6.96 (1. 5) o. 71 (8. 2) 34.92 4.10 (1. 5) 0.68 (5.3) 
o. 33 (1.3) 0. 35 (1.4) 
48.67 907 16.72 5.35 (1. 4) 0.55 (6.0) - - -
0.34 (1.3) 
216 
5.7.2 Polymethylmethacrylate Formed in the Presence of Polyvinyl Acetate 
Figures 5.34 and 5.35 are the chromatographs of the polymethyl-
methacrylate formed inthepresence of high molecular weight polyvinyl 
acetate, the concentration of initiator for the polymerization are 
and ~60 x lo-3 moles 
litre respectively. 
Figures 5.36 and 5.37 are the chromatographs of the polymethyl-
methacrylate formed in the presence of low molecular weight poly-
vinyl acetate, the concentrations of initiator for the polymerization 
are ~s x lo-3 moles 
litre and ~60 x lo-3 ~ litre 
A summary of the number average molecular weight and polydis-
persity of the polymethylmethacrylates are presented in Tables 
5.21 and 5.22. 
fABLE 5.21 
M and Polydispersity of Polymethylmethacrylate Formed in the Presence of High Molecular Weight Polyvinyl Acetate 
n 
[1 1 'V 5 X 10~3 moles (1] 'V 60 X 10-3 moles litre litref 
wt % of PVA Viscosity R 105 R X 105 X Added (~/Cp) p to-5 (Polydispersity') p 10-5M (Polydispersity) M 
moles n moles n 
--litre litre 
0.00 0.41 8.39 6.31 (1. 7) 28.61 2.44 
5.07 7.94 8.01 6.19 (1.6) 30.00 2.37 (1. 9) 
10.94 51.49 8.09 6.44 (1.5) 27.22 2.40 (1.8) 
18.76 340.00 9.60 6.86 (1.4) - -
23.43 907.00 - - 32.90 3.30 (1. 9) 
26.24 1584.00 I 15.62 9.09 (1. 3) 43.47 -
70 
------------------------------------------------~ 
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FIGURE 5.34 Gel Permeation__Chromatographs of PMMA Formed in the 
Presence of High 
at Concentration 
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II 
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III 
Molecular Weight Polyvinyl Acetate 
of Initiator of ~s x lo-3 ~~les 
tre 
Wt. % of PVA Visc. of 10-~M 
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18.76 340.00 6.86 
26.24 1584.00 9.09 
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FIGURE 5.35 
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Gel Permeation Chromatographs of PMMA Formed in the 
Presence of High Molecular Weight PVA at Concentra-
tion of Initiator of ~60 x lo-3 moles 
litre 
Wt % of Visc. of w- 5M Polydis-PVA Added Medium n persity 
(C p 
I 5.07 7.94 2.37 1.9 
II 10.94 51.49 2.40 1.8 
III 23.43 907.00 3,30 1.9 
70 
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80 
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FIGURE 5.36 Gel Permeation Chromatographs of PMMA Formed in the 
Presence of Low Molecular Weight PVA at Concentration 
of Initiator of ~5 x lo-3 moles 
litre 
Wt. %of 
PVA Added 
Visc. of 
Medium 
(Cp) 
Polydis-
persity 
I s.os l. 32 5.88 1.6 
II 18.52 15.60 6.00 1.6 
III 41.71 340.00 6.88 1.5 
60 70 
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FIGURE 5.37 Gel Permeation Chromatographs of PMMA Formed in the 
Presence of Low Mol. Wt. PVA at Concentration of 
-3 moles Initiator of ~60xl0 -
1
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TABLE 5.22 
M and Polydispersity of Polymethylmethacrylate Formed in the Presence of Low Molecular Weight Polyvinyl Acetate 
n 
I [1 J "' 5 
x lo-3 moles [1] "' 6o" w-3 ~~~= litre 
Wt %of PVA Viscosity R 105 R " 105 Added (\1/Cp) X p 10-SM (Polydispersity) p w-5M (Polydispersity) 
moles n moles n 
--litre Htre 
0.00 0.41 8.39 6.31 (1. 7) 28.61 2.44 
5.05 i 1.32 7.38 5.88 (l. 6) 26.97 2.10 (1.8) 
10.81 3.91 7.44 
-
25.90 2.08 (2 .1) 
18.52 15.60 7.60 6.00 (1. 6) 26.75 2.66 (1.8) 
I 
26.90 51.50 9.29 6.00 (l. 5) 29.00 2.92 (1.8) 
41.71 340.00 18.09 6.80 (1. 5) 53.00 4.50 (1.6) 
. 
' 
' 
' 
' 
.J 
N 
N 
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5.7.3 Possible causes of the Observed Double Peaks at Medium Conversion 
for PMMA in the Presence of PS and the Single Peak in the Presence 
of PVA 
a) Thermodynamic Effect 
The main difference between the reactions of methylmethacrylate 
in the presence of polystyrene and that in the presence of polyvinyl 
acetate is the thermodynamic nature of each solution. Methylmetha-
crylate is a poorer solvent for polystyrene than for polyvinyl 
acetate as seen earlier. The difference in the aggregate of poly-
mer molecules formed could therefore be due to the greater repulsion 
between the polystyrene molecules and the polyrnethylmethacrylate 
radicals. This may cause or promote an emergence of two peaks 
since the repulsive effect of large radicals are more than those 
of smaller radicals. It has been observed (Figure 1.8) that the 
double peaks are more prominent when medium conversions are reached. 
This is in agreement with the observation of Eriksson(llS) who 
analysed the bulk polymers obtained from free-radical initiator 
of methylmethacrylate. 
b) Degradative Chain Transfer and Copolymerization 
Degradative chain transfer and/or copolymerization with the 
low molecular weight fraction of the polystyrene might bring about 
a second peak if the polymers so formed are precipitated out with 
the polymethylmethacrylate. The increase in the rate of polymeriza-
tion with increased viscosity observed for the methylmethacrylate 
polymerization show that these side reactions are not very important. 
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The infrared spectra also show that the copolymerization with poly-
styrene is not extensive. 
cl Change in the Ratio of Disproportionation 
The value of 0.85 for the fraction of termination by disprop-
. . . (122 123) 
ortionation was found by Bev~ngton, MelvLlle and Taylor ' 
using radioactive initiator techniques. If the thermodynamics 
of the polymerization solution cause a considerable change in the 
usual ratio, multiple peaks may appear. 
Chromatographs of polymethylmethacrylates recovered from the 
reactions in which polymethylmethacrylate was used to increase the 
viscosity of the methylmethacrylate monomer did not show the 
different peaks of the new polymethylmethacrylates formed. The new 
polymethylmethacrylate formed are usually about 5% of the monomer 
present. No recovery procedure could be used for the newly formed 
polymethylmethacrylate. The same problem was found for the poly-
styrene formed in the reactions of styrene when polystyrene was used 
as viscosity increasing agent and also in the reactions of vinyl 
acetate in the presence of polyvinyl acetate. 
In the polymerizations of styrene in the presence of polyiso-
butylene, even though a medium viscosity as high as 200 c was 
p 
attained, decrease in kt was not observed. The intrinsic viscosi-
ties of the recovered polystyrene from these reactions are reported 
in Appendix D. Intrinsic viscosities of the formed polystyrene 
decreased with increasing kt as expected. Chromatographs of these 
polymers were not obtained. 
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FINAL CONCLUSIONS 
For ease of presentation, general conclusions are listed 
as follows: ' 
1. The changes in the termination rate constant as the polymeri-
zation progresses reflect the changes in the viscosity of 
the medium of reaction. 
2. The termination rate constant can be related to viscosity 
by the equation 
where s = 0.7 ± 0.15 for methylmethacrylate reactions 
s = 0.4 ± 0.1 for styrene reactions 
For vinyl acetate it was observed that 
where s = 0.25 
(Further investigations would be required to establish this 
relationship for vinyl acetate reactions). 
3. At high viscosities, it was observed that the termination rate 
constant depends on the average chain length of the growing 
radical. 
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The relationship 
was obtained where for the vinyl monomers investigated 
0.1 < s < 0.3 
4. As the viscosity of the reaction medium was increased, 
the percentage contribution to chain ending from primary 
radical termination was found to increase. This percentage 
contribution peaked off due to the increased prominence of 
chain transfer to polymer at very high viscosities. The 
percentage contribution increased with increasing initiator 
concentration of the reaction. 
Initiator Concentration 
5.00 X lo- 3 moles litre 
2.00 X lo-2 n 
6.00 X 10-2 n 
Range of PRT 
Contribution at High 
Viscosity 
2 - 10% 
7 - 18% 
18 - 25% 
5. The gel permeation chromatographs of the recovered polymethyl-
methacrylate showed double peaks for some of the polymerizations 
in the presence of polystyrene but single peaks for those 
reactions in the presence of polyvinyl acetate. The thermo-
dynamic nature of the interactions between the polymer/monomer 
systems were thought to have caused this behaviour. 
CHAPTER 6 
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SUGGESTIONS FOR FURTHER WORK 
a) The present work has investigated the viscosity effects 
on the polymerization process with increased viscosity of 
reaction medium obtained by adding preformed polymers. 
It will be of interest to follow polymerization from monomers 
to high conversion, at various initiator concentrations, to 
show the effect that broadening of the molecular weight of the 
polymer formed has on the viscosity effects established by this 
work. 
b) The reactions have been performed and viscosity at zero 
shear related to the kinetics of free-radicaL polymerization. 
This is directly applicable to solution, suspension and emul-
sion polymerization processes. Commercial production of bulk 
polymers however give viscosities measured under shear. It will 
be of interest to find out how high shear rates affect the 
dependencies obtained from·this study. 
c) Although the diffusion-controlled reactions of small molecules 
seem to be describable by equations such.as those proposed by 
Rabinowitch and Smoluchowski, there exists considerable ignorance 
as to the mobility and segmental motion of polymeric radicals 
in solution. Application of the recent advances in nuclear 
magnetic resonance techniques to polymer formation should yield 
information allowing considerable advances in the understanding 
of diffusion-controlled polymeric reactions. 
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d) Investigations into the thermodynamic nature of solvent/ 
polymer interactions especially at low polymer concentrations 
kt 
where kt and k ~ have been found to increase with viscosity 
p 
will throw light into why this behaviour occurred. 
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APPENDIX A 
. ' PHYSICAL AND CHEMICAL CONSTANTS 
All the constants quoted in this section ~ere obtained 
from literature. The source of each is given. 
a) PROPAGATION RATE CONSTANTS AT 50°C 
k ( p 
1 ) 
s.mol Ref. 
Methylmethacrylate 500 67 
Styrene 174 126 
b) DECOMPOSITION OF AZBN AT 50°C 
-1 fkd (sec ) Ref. 
.Methylmethacrylate 1.56 x 10-6 67 
Styrene 1.927 X 10-G 126 
c) CHAIN TRANSFER CONSTANTS 
To Monomer To Polymer Ref. 
Monomer c X 105 CTxlOS Polymer_ 
m 
Methylmethacrylate 1.00 2.20 PMMA 67 
7.50 PS 67 
16.00 PVA 67 
Styrene 3.50 19.00 PS 67 
Vinyl Acetate 12.90 30.00 PVA 67 
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d) DENSITIES AT 50°C 
p gm/cm3 Ref. 
Polymethylmethacrylate 1.17 125 
Polystyrene 1.06 124 
Polyvinyl acetate 1.17 125 
Polyisobutylene 0.92 67 
e) MOLECULAR WEIGHTS 
Ref. 
Methylmethacrylate 100.11 67 
Styrene 104.14 
" 
Vinyl Acetate 86.09 " 
AZBN 164.21 
" 
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APPENDIX B 
CALCULATIONS FOR DETERMINING THE INITIAL 
RATE OF POLYMERIZATION 
These data are for the polymerization of styrene in the pre-
sence of high and low molecular weight polystyrene. 
DETERMINATIONS THROUGH THE DILATOMETER READINGS. 
Volume of Reactor, V. 
Density of Solution Before Reaction Begins p 
0 
Change in Capillary Height After Time, t, ~H 
Density after time t, pt is given by 
Total mass of solution in reactor 
Total volumeX(decrease in capillary volume after time t) 
where total mass of solution in reactor is given by 
Vp 
0 
and decrease in capillary volume after time t 
= 
hence 
2 
:!!:.....Q_ ~H 
4 
Vp 
0 
1T o2 
V- - 4 - ~H 
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The known density change with time is then used to obtain the 
change or decrease in monomer concentration with time by using 
the predetermined relation between density and monomer concentra-
• tion, Table 3.1 obtained from density measurements of styrene/ 
polystyrene solution at 50°C. 
The graph of monomer concentration versus time of reaction 
is then plotted. The tangent to this curve at t ~ 0 gives the 
initial rate of polymerization. 
1. 
a) 
PURE MONOMER REACTIONS 
Density, p ~ 0.8912 gm/cm3 
0 
Volume of reactor ~ 22.389 cm3 
Diameter of capillary ~ 0.074 cm 
Initiator concentration~ 5.006 x lo- 3 ~ litre 
TABLE lA: REACTION DATA 
t m ins llH I pt i i 
I ' 0 0.00 
I 0.8912 I ' 3 0.50 0.8913 I ! I 
16 2.35 0.8916 
33 4.80 0.8920 
42 6.10 0.8923 
61 8.90 0.8927 
91 13.10 0.8935 
98 14.20 0.8936 
120 17.30 0.8942 
R ~ l. 738 X 10_5 moles (Figure lA) p lit.sec 
[m] t 
8.5752 
8.5707 
8.5571 
8.5390 
8.5254 
8.5074 
8.4712 
8.4667 
8.4396 
I 
I 
I 
; 
i 
• 
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b) Volume of Reactor = 20.051 cm3 
Initiator Concentration = 20.0833 x lo-3 moles litre 
TABLE lB: REACTION DATA 
t m ins liH pt 
0 o.oo 0.8912 
6 1.40 0.8915 
36 9.20 0.8930 
57 14.10 0.8939 
I 70 
17.30 0.8945 
R = 3.4246 x 10-3 moles 
p litre (Figure lB) 
c) Volume of Reactor 7 24.322 cm3. 
Initiator Concentration = 59.9083 x 10-3 moles litre 
TABLE lC: REACT· ION DATA 
. 
I 
I 
I 
I 
' 
t mins llH 
0 0.00 
3 1. 30 
6 2 .65 
25 12.10 
35 16.70 
10-5 moles R = 5.8534 X p litre 
• 
pt 
0.8912 I I 
I 
I I 0.8914 I I 
i 0.8916 I I I I 
! 0.8931 I 
0.8939 
(Figure le) 
[m]t 
8.5752 
8.5616 
8.4938 
8.4531 
8.4260 
[m\ 
8.5752 
8.5661 
8. 5571 
8.4893 
8.4531 
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REACTIONS IN WHICH HIGH MOLECULAR WEIGHT POLYSTYRENE WAS ADDED 
TO PURE STYRENE MONOMER AND THE STYRENE POLYMERIZED 
2. WT % OF PS ADDED = 3.217% 
DENSITY OF SOLUTION = 0.8964 gm/cm3 
a) Volume of reactor= 22.389 cm3 
X 10-3 moles Initiator Concentration = 5.007 litre 
TABLE 2A: REACTION DATA 
t 
' 
I 
I 
m ins 
0 
5 
14 
26 
51 
88 
120 
R p 
i'>H 
0.00 
0.40 
1.40 
2. 85 
6.10 
10.90 
15.10 
1.6335 X 10-5 moles ---litre 
pt 
0.8964 
0.8965 
0.8966 
0.8969 
0.8975 
0.8983 
0.8990 
(Figure 2A) 
b) Volume of Reactor = 20.051 cm3 
Initiator Concentration = 20.0264 x 10-3 
TABLE 28: REACTION DATA 
t mins i'>H em pt gm/cm3 
0 0.00 0.8964 
6 1.10 
I 
0.8966 
12 2.50 0.8969 I 
29 6.20 I 0.8926 
' 
54 11.70 0.8987 
i 57 12.40 0. 8988 
I 
R = 3.2072 x lo-5 moles 
p litre (Figure 2B) 
moles 
---litre 
(m]t 
8.3401 
8.3356 
8.3311 
8.3175 
8.2904 
8.2542 
8. 2226 
moles 
(m]t litre 
8.3401 
8. 3311 
8. 3175 
8.2859 
8.2361 
8.2316 
8.6 
[m]~ lit 
8.50 
8.40 
8.40 
[m]~ 
lit 
8.30 
8. 20 
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FIGURE 1 Determination of Initial Rate of Reaction Using Data in 
Tables lA, lB and le 
FIGURE 2 
"' 
B 
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Determination of Initial Rate of Reaction Using Data in 
Tables 2A, 2B and 2C 
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60 
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cl VolUme of Reactor = 24.33 cm3 
Initiator Concentration= 60.1716 x 10-3 
TABLE 2C: REACTION DATA 
t mins 1\H cm pt gm/cm3 
0 6.00 0.8964 
6 2.40 0.8968 
15 6.70 0.8975 
30 14.10 0.8986 
35 16.40 0.8990 
moles 
litre 
J 
I 
I 
I 
R p 
= 5.6090 x 10-s moles 
litre (Figure 2C) 
3. WT % OF PS ADDED = 12.1706% 
DENSITY OF SOLUTION= 0.9111 gm/cm3 
a) Volume of Reactor= 22.389 cm3 
i · -- 5.1047 x 10-3 moles In tiator Concentrat1on 
litre 
TABLE 3A: REACTION DATA 
t m ins 1\H cm pt gm/cm3 
0 o.oo 0. 9111 
8 1.05 0.9113 
20 2.45 0.9115 
40 5.10 0.9120 
67 8.40 0.9126 
106 13.00 0.9134 
123 15.10 0. 9138 
R 1.6478 x w- 5 moles (Figure 3A) = ---p litre 
J moles (m x litre 
8. 3401 
8.3220 
I 
8.2904 I 
I 
8.2407 I ' i 
8.2226 I j 
moles 
(m]tlitre 
7.6756 
7.6666 
7.6575 
7.6349 
7.6678 
7. 5716 
7.5536 
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b) Volume of Reactor ~ 20.051 cm3 
X 10-3 moles Initiator Concentration ~ 20.0602 litre 
TABLE 3B: REACTION DATA 
t m ins LIH cm Pt gm/cm3 
0 I o.oo 0.9111 
5 1.00 0.9113 
14 2.90 0. 9117 I 35 8.30 0.9127 
i 48 11:20 0.9133 
' 'I 70 14.80 0.9140 I 
i 
R ~ 3.4817 xlo-5 moles 
p, lit.sec (Figure 3B) 
c) Volume of Reactor = 24.322 cm3 
3 ~ 10_3 moles Initiator Concentration ~ 60.113 ~ litre 
TABLE 3C: REACTION DATA 
! LIH cm pt gm/cm3 I ' t m ins I 
0 ' o.oo 0.9lll i 
5 1.60 0. 9114 
14 5.40 0. 9120 
20 7.90 0. 9124 
R 4.9226 x w- 5 moles (Figure 3C) ~ p litre 
moles , ' 
[m] t 'i:it"re 
7.6756 
7.666 I 
7.6485 I 
7.6033 
7.5762 
7.5445 
[ moles 
m] t litre 
7.6756 
7.6620 
7.6349 
7.6168 
7.70 
FIGURE 3 
7.65 
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Determination of Initial Rate of Reaction Using Data in 
Tables 3A, 3B and 3C 
B 
c 
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4 • WT % OF PS ADDED ; 19.9311% 
DENSITY OF SOLUTION = 0.9236 
a)· Volume of reactor= 22.389 cm3 moles litre 
Initiator Concentration~ 5.1220 x lo-3 
TABLE 4A: REACTION DATA 
t mins 
0 
14 
21 
43 
61 
103 
. 
llH cm 
0.00 
1. 70 
2.60 
5.40 
7.65 
13.10 
R ~ 1.6893 x lo- 5 moles 
p lit.sec 
b) Volume of Reactor ; 20.051 cm3 
0. 9236 
0.9239 
0.9241 
0.9246 
0.9250 
0.9259 
(Figure 4A) 
Initiator Concentration~ 19.9155 x lo-3 moles litre 
TABLE 4B: REACTION DATA 
i ' t m ins i liH cm i Pt gm/cm3 ) 
0 0.00 0.9236 
8 1. 75 0.9240 
I 16 3.65 0.9243 ! 
27 i 6.05 0.9248 
37 i 8.60 0.9253 
' 
R ~ 3.4089 x lo-5 moles 
p lit .sec (Figure 4B) 
[ l moles m t litre 
7.1106 
7.0970 
7.0880 
7.0654 
7.0473 
7.0066 
[m] m~les 
t lLtre 
7.1106 
7.0925 
7.0789 
7.0563 
7 .0337 
I 
j 
i 
i 
i 
i 
I 
I 
I 
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c) Volume of Reactor ; 24.322 cm3 
Initiator Concentration ; 59.9011 x lo-3 moles litre 
TABLE 4C: REACTION DATA 
t mins liH cm Pt gm/cm3 
0 o.oo 0.9236 
4 1.60 0.9239 
11 4. 50 0.9243 
25 10.20 0.9253 
35 14.50 0.9260 
R ; 5.1481 x 10-5 moles 
p litre (Figure 4C) 
moles 
(m]t litre 
7.1106 
7.0970 
i.0789 
7.0337 
7.0021 
The analyses presented above are sample analyses for obtaining the 
rate of reaction at the specified reaction conditions. 
I 
I 
I 
I 
I 
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APPENDIX C 
VISCOSITY GRAPHS 
Known quantities of polymer were added to monomers as sol-
vent. The viscosity of these solutions was then measured using 
Haake Rotovisco Viscometer. 
Corresponding viscosities at which reactions were carried out 
were obtained from these curves. 
A) POLYSTYRENE IN METHYLMETHACRYLATE 
TABLE Cl 
Viscosity and Weight Fraction of High Molecular Weight Polysty-
rene in Methylmethacrylate 
Wt % of Polymer Viscosity (~/Cp) 
4.996 4.257 
9.130 14.540 
15.332 70.387 
20.194 93.232 
23.988 211.901 
30.951 1585.401 
34.280 2860.101 
38.200 3440.200 
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TABLE C2 
Viscosity and Weight Fraction of Medium Molecular Weight Poly-
styrene in Methylmethacrylate 
Wt % of Polymer Viscosity (!J/CJ?) 
' 4.907 2.386 
I 10.053 8.226 I 
I 
15.221 21.834 
20.645 57.294 
25.111 115.280 
I 30.129 177.280 
I 35.023 397.800 
44.660 1584.900 
TABLE C3 
Viscosity and Weight Fraction of Low Molecular Weight Polystyrene 
in Methylmethacrylate 
Wt % of Polymer Viscosity (!J/C J?) 
4.921 1.642 
9.894 3.629 
14.894 8.704 
19.486 17.905 
23.945 32.686 
29.589 77.409 
35.123 159.074 
38.828 218.480 
43.889 429.368 
------------------------------ ~--
FIGURE Cl 
g ( ..!:'__\ Cp• 
3.0 
2.0 
l..O 
0 
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Log-log plot of Viscosity Versus Weight Fraction for 
Polystyrene in Methylmethacrylate 
H =high molecular weight polystyrene in MMA (•) 
M.= medium " " " 11 n 
L = low " " " " 11 
I 
/ 
I 
I 
I I 
. Log ( Wt %) 
H 
I 
I M J 
'Y 
I L 
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Figure Cl is the log~log plot of viscosity versus weight percent 
polymer for Tables Cl, C2 and C3. 
B) POLYVINYL ACETATE IN METHYLMETHACRYLATE 
TABLE C4 
Viscosity and Weight Fraction of High Molecular Weight Polyvinyl 
Acetate in Methylmethacrylate 
Wt % of Polymer Viscosity {~/Cp) 
2.220 2.565 
4.960 7.432 
9.214 32.249 
14.650 152.845 
18.900 358.100 
24.500 1208.250 
TABLE C5 
Viscosity and Weight Fraction of Low Molecular Weight Polyvinyl 
Acetate in Methylmethacrylate 
Wt % of Polymer Viscosity {)J/Cp) 
4. 770 1.561 
9.640 4.018 
15.588 9.794 
20.833 21.413 
25.396 41.330 
27.625 56.424 
37.626 225.703 
40.939 397.700 
46.582 722.132 
50.516 1279.083 
4.0 
Log(~ ) p 
3.0 
2.0 
l.O 
0.0 
FIGURE C2 
0.0 
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Log-log plot of viscosity versus weight fraction for 
polyvinyl acetate in methylmethacrylate 
H = high molecular weight polyvinyl acetate in MMA 
L low " " " 
0.5 l.O 
Log Wt % 
" 
I 
l 
f 
I 
11 11 
'I 
I 
l. 
H 
L 
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Figure C2 is the log-log plot of Tables C4 and CS. 
C) POLYMETHYLMETHACRYLATE IN METHYLMETHACRYLATE 
Table C6 
Viscosity and Weight Fraction of Polymethylmethacrylate in methyl-
methacrylate 
Wt % of Polymer Viscosity (~/Cp) 
5.047 2.200 
10.611 7.670 
15.210 23.120 
20.149 . 65.220 
. 
24.757 250.000 
29.900 1470.900 
34.600 3685.530 
I 39.380 22050.00 
Figure C3 is the log-log plot of Table C6. 
FIGURE C3 
4 .o 
3 .o 
Log(~~ 
2 .o 
l.O 
o.o 
o.o 
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Log-log plot of viscosity versus weight fraction for high 
and low molecular weight polymethylmethacrylate in MMA 
H = high molecular weight PMMA in MMA 
L low " " " 11 ., 
H 
0. s l.O l.S 
Log (Wt %) 
L 
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D) POLYSTYRENE IN STYRENE 
TABLE C7 
Viscosity and Weight Fraction of High Molecular Weight Polystyrene 
in Styrene 
Wt % of Polymer Viscosity (J.!/Cp) 
1.205 1.529 I I 
5.131 7.366 I I 
I 
t 
ll. 256 44.352 I 
17.266 I 183.192 I 
25.223 608.010 I I 
I 
31.774 3138.690 I 
i 
TABLE CS 
Viscosity and Weight Fraction of Low Molecular Weight Polystyrene 
in Styrene 
Wt % of Polymer Viscosity (J.!/CJ?)-. 
2.161 1.458 
4.486 3. 526 
10.301 l3. 354 
14.149 30.358 
18.427 69.397 
21.657 121.393 
23.417 157.629 
28.987 394.800 
34.414 832.827 
41.681 1585.000 
3 .o 
Log (~p) 
2.0 
l.o 
0.0 
.0 
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FIGURE C4 Log-log plot of polystyrene and polyisobutylene in 
styrene 
H ~ high molecular weight polystyrene in styrene 
L ~ low 
" " " " " 
P ~ polyisobutylene in styrene 
I 
, /I 
I 
0.5 1.0 
Log (Wt %) 
H 
L p 
1.5 
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E) POLYISOBUTYLENE IN STYRENE MONOMER 
TABLE C9 
Viscosity and Weight Fraction of PolyiSobutylene in Styrene 
Monomer 
Wt % of Polymer Viscosity (~/C~) 
4.918 2.041 
I 10.033 5.489 
I 
' I 
I 14.620 13.756 
I 
i 
' 20.167 35.676 
25.645 86.570 I 29.571 168.449 
' I 
I 
I 35.535 349.730 
Figures C4 is the log-log plot of Tables c7, C8 and C9. 
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F) POLYVINYL ACETATE IN VINYL ACETATE 
TABLE ClO 
Viscosity and Weight Fraction of High Molecular Weight Polyvinyl 
Acetate in Vinyl Acetate 
Wt % of Polymer Viscosity (U/Cp) 
10.180 30.540 
I 15.490 127:220 
20.450 375.200 
25.720 1403.340 
29.710 3996.130 
35.290 11311.580 
TABLE Cll 
Viscosity and Weight Fraction of Low Molecular Weight Polyvinyl 
Acetate in Vinyl Acetate 
Wt % of Polymer Viscosity <u/c pl 
10.070 3.470 I 
! 
15.090 7.310 I 
I 
19.940 14.330 I 
I 
25.570 21.940 
29.720 49.500 
35.530 112.690 
40.710 138.360 
45.500 258.340 
54.920 1948.000 
60.510 5646.300 
Figure CS is the log-log plot of Tables ClO and Cll. 
4.0 
3 .o 
Log <c\'-1 
P, 
2 .o 
1.0 
FIGURE CS 
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Log-log plot of viscosity versus weight Fraction of poly-
vinyl acetate in vinyl acetate monomer 
H ~ high molecular weight PVA in vinyl acetate 
L low .. " 11 11 .. 
/ 
.. 
/ 
I 
' I / ' 
I 
I 
H 
L 
o.o~~------------~~----------------~~--------------~~---------0.0 0.5 l.O 1.5 
Log (Wt %) 
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APPENDIX D 
INTRINSIC VISCOSITY OF PRECIPITATED POLYMERS 
A. TABLE Dl: 
Intrinsic Viscosities of the Polymethylmethacrylate Separated 
from the Reaction of Methylmethacrylate Monomer in the Presence 
of High Molecular Weight Polystyrene 
[n] For separated Polymethylmethacrylate 
Wt % of PS Viscosity of [I) [I) [I] 
Added RXN Medium for Reaction for Reaction for Reaction 
(Cp) 
-v5xlo-3moles 'V20xlo-3m~les 60 1 -3moles 
litre htre "' x 0 litre 
0.000 0.410 2.660 1.521 1.135 
4.675 3.900 2.342 1.509 1.028 
9.128 15.600 1.966 1.342 0.941 
14.088 51.500 1.804 1.259 0.915 
18.637 132.300 1.947 1.263 0.860 
23.235 340.000 2.527 1. 369 0.854 
28.062 907.100 2.907 1.689 I 0.921 I I j I I 
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·TABLE D2: 
Intrinsic Viscosities of the Polymethylmethacrylate Separated from the 
Reaction of Methylmethacrylate Monomer in the Presence of Medium 
Molecular Weight Polystyrene 
[n] for Separated Polymethylmethacrylate 
Wt % of PS Viscosity of [I] [I) [I] 
Added RXN Medium for Reaction for Reaction for Reaction (Cp) 
"-'5xlo-3moles "-'20xlo-3moles 'V60xlo-3moles 
litre litre litre 
0.000 0.410 2.660 1.521 1.135 
7. 307 3.910 2.077 .1.404 0.914 
13.344 15.600 l. 736 1.210 0.995 
19.719 51.490 1.538 1.249 0.881 
25.400 132.300 2. 301 1.434 0.999 
32.820 340.000 2.499 1. 777 1.101 
38.456 907.070 2.840 1.688 1.271 
TABLE D3: 
Intrinsic Viscosities of the Polymethylmethacrylate Separated from the 
Reaction of Methylmethacrylate Monomer in the Presence of Low Molecular 
Weight Polystyrene 
I 
I 
I 
I 
[n] for Separated Polymethylmethacrylate 
, 
' 
Wt % of PS Viscosity of [I) [I) [I] 
Added RXN Medium for Reaction for Reaction for Reaction 
(Cp) 
"-'Sxlo-3moles 'V20xlo-3moles "-'60xlo-3moles 
litre litre litre 
0.000 0.410 2.660 1.521 1.135 
10.000 3.910 2.151 1.350 0.980 
18.521 15.600 1.888 1.298 0.878 
26.733 51.490 2. 54 7 1.643 0.961 
34.152 132.270 3.807 2.313 1.351 
41.94 7 340.000 3.366 - 1.437 
48.6 74 907.070 2.098 
- 1.226 
,J 
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B. TABLE 04: 
The Intrinsic Viscosities of the Polymethylmethacrylate Separated from 
the Reaction of Methylmethacrylate Monomer in the Presence of High 
Molecular Weight Polyvinyl Acetate 
[n] For Separated Polymethylmethacrylate 
Wt % ofPVA Viscosity of [I] [I] [I] 
Added RXN Medium for Reaction for Reaction for Reaction 
(Cp) 3moles <v20xlo-· 3"";'les "-'60xlo-3moles "'5xlo- . l~tre l~tre litre 
0.000 0.410 2.641 1.652 1.121 
3.224 3.910 2.495 1.602 1.114 
' 
5.070 7.940 2.404 1.620 1.137 
6.979 15.600 2.581 1.660 1.049 
10.940 51.490 I. 2. 764 1.841 1.157 
14.837 132.300 2.925 1. 742 1.162 
18.764 340.000 3.275 2.022 1.351 
23.428 907.000 3.816 2.594 1. 741 
26.245 1484.900 4.387 
- 1.924 
I 
I 
i 
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TABLE D5: 
Intrinsic Viscosities of the Polymethylmethacrylate Separated from the 
Reaction of Methylmethacrylate Monomer in the Presence of Low Molecular 
Weight Polyvinyl Acetate 
[n] For Separated Po1ymethy1methacry1ate 
Wt % ofPVA Viscosity of [I] [I] (I] 
Added RXN Medium for Reaction for Reaction for Reaction 
(Cp) <v5xlo-3moles <v20xlo-3moles 6 10_3moles litre litre "' ox litre 
0.000 0.410 2.720 1. 742 1.131 
3.219 1.148 2.663 
-
1.087 
5.058 1.318 2.626 1.576 1.064 
7.002 1.862 2.525 1.602 1.078 
10.808 3.910 - 1.552 -
14.743 9.120 2.691 1. 706 1.091 
18.521 15.600 2.695 
-
1.128 
23.414 31.623 2.986 1. 768 1.187 
26.901 51.490 3.312 - 1.212 
I 34.147 132.300 4.255 - 1. 794 
I l I 41.712 340.000 6.110 - 2.818 
I I ' i I 
' ' 
I 
I 
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TABLE D6: 
Intrinsic Viscosities of Polymethylmethacrylate Formed by the Monomer 
Reaction In the Presence of Polymethylmethacrylate Obtained by Use of 
Equation 
[n] Calculated for Polymethylmethacrylate 
Wt % of PMMA Vis,cosity of [I] (I] (I] 
Added RXN Medium for Reactions for Reactions for Reactions 
(Cg <v5xlo-3m? es 
"-2 lo-3moles "-60xl0'' 3nu;>les l~tre Ox litre l~tre 
o.ooo 0.410 2.660 1.521 1.135 
5.047 2.200 2.667 1.693 1.165 
10.611 7.690 2.651 1. 738 1.136 
15.210 23.120 3.033 1. 734 1.368 
20.149 65.220 2.84 7 2.346 1. 700 
24.757 250.000 
- - 2.128 
I 
' 
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C. TABLE D7: 
Intrinsic Viscosities of the Polystyrene Separated from the Reaction 
of Sytrene Monomer in the Presence of Polyisobutylene (PIB) 
[n] for Separated Polystyrene 
Wt % of PIB Viscosity of (I] (I] (I] 
Added RXN Medium for Reaction for Reaction for Reaction 
(CH 5 1 -3moles 
"' x 
0 litre 
"'2 10_3moles ox litre 
"'6 10_3moles ox litre 
I 
0.000 I o. 780 1.2191 0. 780 0.574 I 
' 
2.586 0.834 1.221 0.688 0.528 
6.174 2. 754 1.028 
- -
12.261 8.510 
- 0.612 0.437 
15.593 14.460 0.672 0.593 0.346 
22.480 48. 98o 0. 745 0.538 0.402 
28.407 125.890 . - 0.600 -
31.735 199.536 0.936 
-
0.437 
I 
I 
I 
I 
' 
I 
! 
' 
' 
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APPENDIX E 
The log-log plot of the termination rate constant kt versus 
the weight percent of added polymer shows an increase in con-
stant value of kt at low polymer content (low viscosity) followed 
by a decrease in kt. (Except for the reactions of styrene in 
the presence of polyisobutylene and the reaction of vinyl acetate 
in the presence of low molecular weight polyvinyl acetate). 
The concentrations of added polymer at which kt begins to 
decrease are presented here. 
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FIGURE El Log-log plot of kt versus weight percent for the 
reaction of methylmethacrylate in the presence of high 
I 
molecular weight polystyrene to show the point of decrease 
I 
7.75 
c "' 16% 
7.50 
~.00 
o. 75 1.00 l. 25 1.50 
Log (Wt %) 
7.5 
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FIGURE E2 Log-log plot of kt versus weight percent for the reaction 
of methylmethacrylate in the presence of medium molecular 
weight polystyrene to show the point of decrease of kt 
c = 20% 
\ 
\ 
6.oL-------------~------------------~------------------~--------------
LOO 1.25 l. 50 
7.5 
7 .o 
6.5 
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FIGURE E3 Log-log plot of kt vers~s weight percent of added polymer 
for the reaction of methylmethacrylate in the presence of 
I 
II 
III 
,. 
low molecular weight polystyrene to show the point of decrease 
of kt 
moles Reactions at [I) ~ 5 X l0- 3 --- (x) litre 
" " [I] ~2o x 10-3 " (o) 
" " [I] ~6o x lo- 3 " ( . ) 
1.00 l. 25 1.50 l. 75 
Log (Wt %) 
7.5 
7.2 
7.00 
6.75 
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FIGURE E4 Log-log plot of kt versus weight percent of added polymer 
for reaction of methylmethacrylate in the presence of high 
molecular weight polyvinyl acetate to show the point of 
decrease of kt 
I Reactions at [I] ~ 5 " 
II " " [I] ~zo x 
III " " [I] ~6o x 
10-3 moles 
litre 
w-3 
" 
w-3 
" 
I 
I 
I 
I c 
I 
I 
(x) 
(o) 
( . ) 
' \ 
\ 
6.50~----------------+---------------~----------------_. __________ _ 
0.50 0. 75 1.00 1.25 
Lot (Wt %) 
7.25 
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FIGURE ES Log-log plot of kt versus weight percent of added polymer 
for the reaction of methylmethacrylate in the presence of 
low molecular weight polyvinyl acetate to show the point 
of decrease of kt 
I Reactions at (I] ~ 5 X 1o-3 moles (x) litre 
II " " [ r] ~20 " w-3 " (o) 
III " " [r] ~6o x 10-3 " ( . ) 
7.001----------------;----------------~---------------T-----------
0.50 0.75 LOO 1.25 
Log (Wt %) 
7.25 
7.00 
6.75 
6.50 
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FIGURE E6 Log-log plot of kt versus weight percent of added polymer,. 
for the reaction of lllethylmethacrylate in the presence of' 
polymethylm~thacrylatL to show the point of decrease of kt 
. I 
13% 
I 
I Reactions [I] 5 X w-3 moles (x) at = ---litre 
II " " [I] = 20 X 10-3 " (a) ' ' ' 
' I 
' 
III " " [I] = 60 X w-3 " ( . ) I 
~ 
' 
\ 
\ 
'· 
' ' \ 
I \ \ \ 
\ 
\ 
\ ~ 
\ 
0.75 LOO 1.25 1.50 
Log (Wt %) 
\ 
\ 
I 
\ 
8.00 
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FIGURE E7 Log-log plot of kt versus weight percent of added polymer 
for the reaction of styrene in the presence of high mole-
cular weight polystyrene to show the point of decrease of kt 
III I 
---------LOGkt~~~ r--= II 
I 
7. 75 . 
Reaction (I] ; 5 X 10-3 moles I at i:i:tre 
II 
" " (I] ;20 X 10-3 " 
III 
" " (I] ;60 X lo-3 " 
7.50 
7. 30 
0.50 0. 75 LOO l. 25 
Log (Wt %) 
8.00 
7.75 
7.50 
7.25 
I 
t 
I 
! 
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FIGURE E8 Log-log plot of kt versus weight percent of added polymer 
I 
II 
III 
for the reactions of styrene in the presence of low molecular 
weight polystyrene to show the point of decrease of kt 
I 
c ~ 15% 
Reactions at [r] ~ 5 X w-3 moles (x) litre 
" " [I] ~20 X w-3 " (o) 
" " [ r] = 60 X w-3 " ( . ) 
'---t--------t-------:------+---------+---j 
o. 75 1.00 1.25 1.50 
Log (Wt %) 
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